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CHAPTER 1 
INTRODUCTION 

introduction 
The eye of vertebrates enables a detailed visual perception of the environment. 
Essentially, the eye consists of three layers, which enclose and also form part of the 
transparant dioptric system (Fig. 1 ). The outer, protective layer (tunica) is composed of 
the sclera and, on the anterior side of the eye, by the transparent cornea. The choroid, 
the ciliary body and the iris form the vascular middle layer. The inner layer consists of 
the pigmented retinal epithelium and the neural retina, where photoreceptive cells 
transduce the light. The dioptric system is made up by the corneal epithelium, cornea, 
anterior chamber and the underlying lens. The transparent vitreous humor fills up the 
central space in the eye. This complex morphologic structure of the eye is formed by 
several tissues during the development of an organism. These tissues are dependent 
upon and interact with each other to adjust the developmental processes. All 
interactions must be regulated to occur in the proper temporal and spatial order. The 
developmental processes are presumably regulated by inducing factors, by 
morphogenetic gradients of the inducing factors, by cell-cell interactions and by the 
competence of the induced tissue to respond (see Jessell and Melton, 1992). The result 
is division, interaction, migration, or differentiation of the cells, which generate the eye. 
The diversity and specification of all the different cell types is eventually determined by 
the regulation of the pattern of gene expression. During the past years considerable 
progress has been achieved in the identification of the mechanisms involved in the 
regulation of the developmental processes of the eye, and especially, the lens. 
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Figure 1. Diagrammatic representation of a horizontal section through a human eye. The 
different tissues are indicated. (Adapted from Kornfeld, 1984). 
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Lens is an unusual tissue: its form is entirely biconcave, it is transparant, it lacks 
bloodvessels or nerves, and its cells never die nor are they replaced. To be able to focus 
the incoming light, lens has a high refractive index. In addition, some species possess 
a lens with elastic properties, enabling it to accommodate. Of course, the conditio sine 
qua non in lens function is its transparency, which distinguishes it from the common 
opaque tissue and which has required drastic adjustments in cell constituents. All 
organelles which could scatter or diffract the incoming light are degraded during the 
terminal differentiation of lens cells (see Piatigorsky, 1981 ). Transparency and also the 
high refractive index result to an important extent from the composition, the short range 
order and the high concentration of the crystalline, the abundant water-soluble lens-
structural proteins (Délaye and Tardieu, 1983; Fernald and Wright, 1983). The 
crystalline are the major protein constituents of lens, and can account for up to 90 % 
of the soluble protein fraction (Bloemendal, 1981; Wistow and Piatigorsky, 1988; for 
convenience, every soluble protein that constitutes more than 5% of the total protein 
weight of the lens cell is called a crystallin). For use as crystallins the vertebrate lens 
has recruited a diverse group of proteins throughout evolution. The composition of the 
crystallins varies between species. Based upon their species distribution the crystallins 
can be roughly divided into two groups: the ubiquitous crystallins, which are detected 
in every vertebrate lens, and the taxon-specific crystallins, which are found only in a 
restricted set of species. This division is historically based upon the distribution 
patterns. Although other classifications are possible (see e.g. De Jong et al., 1994), in 
this thesis the division in ubiquitous and taxon-specific crystallins is used. 
Expression of the crystallins is regulated in a spatial and temporal order during 
development of the lens, giving rise to species-specific protein gradients that define lens 
properties like the ability to accommodate and the gradient in the index of refraction. 
Expression of the taxon-specific and of several members of the ubiquitous crystallins 
is not limited to lens, and their expression is called lens-preferred expression in contrast 
to the 'true' lens-specific expression (see De Jong et al., 1994). Outside the lens, these 
proteins function as housekeeping enzymes or as heat shock proteins. Recruitment of 
crystallins from proteins with other functions implies that expression is modified. The 
tissue-specific expression of crystallins can be regulated at the levels of transcription, 
translation, or protein metabolism. Recruited housekeeping enzymes provide hereby the 
opportunity to trace the signals governing tissue-specific as well as the temporally and 
spatially defined expression of crystallins in the developing lens. Much has been 
speculated about the prerequisites that a protein must meet to be suitable as a 
crystallin, including longevity, stability, and resistance to deleterious influences of, 
amongst others, radicals, heat and ultraviolet light (see De Jong et al., 1989). 
Interestingly, most crystallins have in common that the ancestral proteins appear to be 
involved in (osmotic) stress response. It is conceivable that the high expression level 
in the lens results from a common mechanism, which could be stress related, e.g. the 
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propensity for readily inducible gene expression (see De Jong et al., 1989). 
LENS DEVELOPMENT 
In the embryo, the first indication of lens development is a thickening of the ectoderm 
to form the lens placode, which is underlain by the paired lateral outgrowths of the 
diencephalon (see McAvoy, 1981 ). The lens placode invaginates, constituting the lens 
pit (see Figure 2). Meanwhile, the brain-derived optic vesicle envelopes the lens pit, 
forming the optic cup, which differentiates into the pigmented retinal epithelium and the 
neural retina. The lens pit deepens, pinches off from the ectoderm and forms the early 
lens vesicle. The ectoderm above the lens vesicle closes again and becomes the 
prospective corneal ectoderm. During the late lens vesicle phase, the cells on the 
posterior side elongate and differentiate to generate the primary fibre cells and 
eventually fill up the whole vesicle and constitute the lens nucleus. The epithelial cells 
on the anterior side of the lens continue to proliferate, mainly in the germinative zone 
just above the lens equator. While migrating to the lens equator, the epithelial cells 
gradually cease cell division. At the lens equator, they differentiate to secondary fibre 
cells and elongate (McAvoy and Chamberlain, 1989). The lens cortex is then formed by 
secondary fibre cells that are deposited in successive layers around the lens nucleus. 
It has long been known that lens is the final outcome of a strict differentiation 
program, involving coordinated tissue interactions, but the classic model for these 
processes has recently been revised and refined (reviewed in: Jacobson and Sater, 
1988; Saha et al., 1989; Grainger, 1992). The models involving embryonic lens 
induction are mainly based upon work done in amphibia, and foremost Xenopus laevis. 
In the classic model the position of the optic cup is both necessary and sufficient to 
determine lens induction. This model was formulated after transplantation experiments 
of ectoderm grafts in lens-ablated hosts. The model was questioned, however, when 
it became clear that only precommitted ectoderm was able to respond to signals from 
the optic cup. Moreover, precommitted ectoderm could form 'free' lenses, lenses 
formed in the absence of the optic cup. Hence, already in the early embryo cells 
become competent to form lenses, and this lens commitment precedes the stage at 
which the optic cup is formed. 
In the present view, the first step in lens development occurs in the mid/late 
gastrula stadium, when the animal cap gains lens competence. In the second step the 
lens competence of the potentially lens-forming region of the head ectoderm is biased 
by signals, derived from the presumptive neural plate (the prospective retina-forming 
region). Next, an inductive stimulus from the mesoderm that underlies the lens 
ectoderm enhances the signals from the neural plate. Neural crest cells, around the 
optic cup, which form sclera and choroid, suppress the lens-competence of non-lens 
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ectoderm, and thereby limit the lens-forming region. Finally, the optic cup emits signals 
that steer lens differentiation. 
Figure 2. Outline of the development of the lens. The formation of the mature lens from the 
ectoderm is schematically shown. The different tissues are indicated. (Adapted from McAvoy, 
1978). 
EXPRESSION OF DEVELOPMENTAL CONTROL GENES IN THE EYE 
The understanding of the mechanisms by which embryonic development of vertebrates 
is regulated, is still far from complete (see Lobe, 1992). Most is known about 
developmental control genes which are involved in specifying the positional information 
and regulation of the embryonic development of Drosophila. On the basis of Drosophila 
sequences, multiple vertebrate homologs have been identified (see Kessel and Gruss, 
1990). Accumulating data suggest that these vertebrate genes also function in the 
specification of the developmental control (for reviews see e.g.: Keynes and Stern, 
1988; Gruss and Walter, 1992; McGinnis and Krumlauf, 1992; Mavilio, 1993). It is 
thus conceivable that differentially expressed developmental control genes mediate the 
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inductive (and repressive) interactions between neural, mesodermal and ectodermal 
tissues in the developing eye and lens. Several candidate developmental control genes 
have been identified in the eye, i.e. Pax-6/Sey, Msx-1, Msx-2 and Dix (for review see 
also Beebe, 1994). 
^ax-genes contain the conserved paired-box domain of 128 amino acids. The 
vertebrate genes were identified by using the paired-box sequence of Drosophila 
segmentation genes as probe (see Deutsch et al., 1988). Pax-3, -6 and -7 contain a 
paired-type homeobox in addition to the paired domain. In mouse, the small eye 
phenotype (Sey), a disturbed development of the eye and nose regions, is due to a 
mutation in the Pax-6/Sey gene (Hill et al. 1991 ). The AN (aniridia) gene represents the 
human homolog of the Pax-6 gene, and its disturbance correlates with aniridia, the 
complete or partial loss of the iris (Ton et al., 1991, 1992). The Pax-6 gene is 
expressed from day 8.0 on until late in development. Its expression is restricted to 
mesodermally and ectodermally derived tissues, including the primordial cells that form 
the neural tube and the diencephalon. In the eye, Pax-6 expression is detected from day 
8.5 on, where it is active in the early optic vesicle, the retina and the cornea (Walther 
and Gruss, 1991 ). No target gene has been discovered yet (Gruss and Walther, 1992). 
The homeobox genes Msx-1 and Msx-2 (formerly known as Hox-7.1 and Hox-8.1, 
resp.) have homeobox sequences similar to the Drosophila muscle segment homeobox 
gene (msh) (Monaghan et al., 1991 ). Msx-1 and Msx-2 genes are expressed at different 
sites in the embryo and particularly at sites where epithelial and mesenchymal 
interactions are occuring (Davidson and Hill, 1991 ). Both genes seem to be involved in 
the early stages of the development of the eye, and are expressed in an overlapping and 
sometimes mutually exclusive pattern (Monaghan et al., 1991 ). D/x-1 is a mouse gene 
containing a homeodomain sequence similar to that in the Drosophila Distal-less (d/l) 
gene. Expression of Dlx-1 is, amongst others, detected in the neural retina, but not in 
the ciliary body, iris or the ventral parts of the eye epithelium, which suggests that Dlx-
1 may be involved in the regulation of ocular development (Dollé et al., 1992). The 
expression of Msx-2 shows an overlap with the expression of Dlx-1 in the presumptive 
neural retina region. In contrast, the expression of Msx-1 is complementary to the 
expression of Dlx-1. It is conceivable that the activities of both Msx proteins, in 
combination with the activities of Pax-6 and Dlx-1, are involved in defining the regions 
that give rise to the optic vesicle, the iris, the ciliary body and the retina. Although no 
experimental data are available, the expression of Msx-1 in neural crest cells suggests 
that Msx-1 is involved in suppressing lens development outside the lens-forming region. 
The precise role in the developing eye of the developmental control gene 
products identified thusfar is still unknown, however, as no Dix-1, Msx-1 or Msx-2 loss-
of-function, i.e. knock out mice, or gain-of-function phenotypes have been described. 
Hence, at this time there is only a correlation between the expression of these 
homeobox genes and lens development. The mere correlation of gene expression. 
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although limited to well-defined tissues, does not necessarily indicate that a gene 
product is involved in pattern formation. 
GROWTH FACTORS IN LENS DEVELOPMENT 
Peptide growth factors are a means of intercellular communication in a multicellular 
organism, which in turn causes cells to proliferate or to differentiate (see Pawson, 
1991; Sporn and Roberts, 1991). Apart from endocrine mechanisms of action, many 
peptide growth factors are produced by the responder cells themselves (autocrine 
mechanism), or by immediately adjacent cells (paracrine mechanism). The action that 
a given peptide growth factor exerts depends on the particular biological context, i.e. 
the availability of the appropiate receptor molecules on a cell, the type of cell and on 
the set of other effectors and receptors that are present. Often the state of 
development or differentiation of target cells is a determinant for the stimulation or the 
inhibition of growth or the synthesis of specific proteins in response to a given peptide 
growth factor. The binding of a peptide growth factor modulates several biochemical 
pathways, e.g. Na+/H+ exchange, Ca2+ influx, activation of phopholipase C, and 
stimulation of glucose and amino acid transport. This cascade of events results 
ultimately in the regulation of gene expression. In general, polypeptide growth factors 
bind to cell surface receptors, which transduce their signal. The primary transmembrane 
signal transduction mechanisms can be classified into seven groups: receptor protein 
kinases, receptors coupled to protein kinases, protein tyrosine phosphatase receptors, 
receptors coupled to G proteins, ion channels, ANP (atrial natriuretic polypeptides) 
receptors, cytokine receptors and others. Unlike most polypeptide growth factors, these 
other signalling molecules, like retinoic acid (RA), thyroid hormone and steroids can 
penetrate directly into the cell and activate their receptors, which then function as 
ligand-dependent transcription factors (see Gronemeyer, 1992). The mechanisms of 
transmission from an extracellular stimulus to the nucleus of the cell is far from 
understood and is the subject of intensive studies. (For reviews on peptide growth 
factors see e. g.: Ullrich and Schlessinger, 1990; Williams et al., 1991; Sporn and 
Roberts, 1991; Hunter et al., 1992; McMahon and Monroe, 1992). 
The optic cup defines, probably by secretion of peptide growth factors and/or 
retinoic acid, the accurate position and growth and differentiation of the lens, although 
the induction of lens commitment is not mediated by the optic cup perse (see above). 
In bovine lens, receptors were demonstrated for basic fibroblast growth factor (bFGF) 
(Moenner et al., 1986), while, at least, the transcripts for FGF receptor are found in the 
rat lens (N.H. Lubsen, unpubl. results). Binding to lens cells of chick has been seen for 
insulin-like growth factor (IGF) and insulin (Bassas et al., 1987; Alemany et al., 1990; 
Bassnett and Beebe, 1990), while bovine and rabbit lens cells bind epidermal growth 
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factor (EGF) (Hollenberg, 1975; Gospodarowitz et al., 1977). Lens cells probably 
contain receptors for platelet-derived growth factor (PDGF), as this factor acts as a 
mitogen (see below). Various growth factors were detected in different compartments 
of the eye, e.g. IGF-1 and lentropin (related to IGF-1) in the vitreous humor of chick 
(Beebe et al., 1987), members of the FGF family in ocular fluids and tissues of human, 
bovine, cat, chick, dog, rat, and pig (see Camelie et al., 1989; Tripathi et al., 1990, 
1992; McAvoy et al., 1991 ; Lovicu and McAvoy, 1993; Schulz et al., 1993), PDGF (or 
a factor with PDGF-like activity) in aqueous humor from humans and rabbits (see 
Brewitt and Clark, 1988), EGF in the retina of rodents (Lillien and Cepko, 1992), 
transforming growth factor β (TGF/?) and nerve gowth factor (NGF) in retinal cells (see 
McAvoy and Chamberlain, 1990), migration inhibitory factor (MIF) in chicken lens cells 
(Wistow et al., 1993) and an embryo-specific growth factor activity in chicken (Hyatt 
and Beebe, 1993). In rat, the differentiation from lens epithelial to fibre cell can be 
induced in vitro by acidic FGF (aFGF) or bFGF (Chamberlain and McAvoy, 1 987, 1989; 
Lovicu and McAvoy, 1989; Chamberlain et al., 1991), while in chicken a similar 
differentiation is induced by IGF-1 (or lentropin) or insulin (Beebe et al., 1987; 
Chamberlain et al., 1991). In addition, aFGF and bFGF (McAvoy and Chamberlain, 
1989), EGF (Reddan and Wilson-Dziedzic, 1983), or PDGF (Brewitt and Clark, 1988) 
are mitogenic for lens epithelial cells, while RA affects KF-crystallin promoter activity 
in transient transfected lens cells (Tini et al., 1993). RA is also involved in eye 
morphogenesis (Manns and Fritzsch, 1991). In addition, cellular retinóte acid-binding 
protein (CRABP I), which mediates the intracellular RA concentration, is probably 
involved in eye development, as ectopic expression of CRABP I causes the formation 
of cataract in mouse lens (Perez-Castro et al., 1993). 
The lens continues to grow throughout life. The growth rate is in rat highest 
before birth and decreases with age. It was hypothesized that growth attenuation is due 
to a decline in responsiveness to a growth factor -bFGF- with increasing age 
(Richardson and McAvoy, 1990; Lovicu and McAvoy, 1992). A similar phenomenon is, 
for example, also seen in aging retina (Lillien and Cepko, 1992). The decreased capacity 
to respond to growth factors, which was followed by measuring the accumulation of 
several crystallins, is also found in long-term cultured lens epithelial cells of chicken. 
This dedifferentiate may reflect an age-related change (Patek and Clayton, 1990), 
perhaps in the number of receptors. The age-related decline in FGF-responsiveness of 
cultured lens cells of rats could be partially restored by IGF-1 (Richardson et al., 1993). 
Despite the similarities in lens development and the spectrum of growth factors 
present in aves and mammalia, it seems that the two groups depend on different 
growth factors for lens cell differentiation. In chicken, IGF-1 induces differentiation, 
while in rat, the primary growth factor in lens development is bFGF. Insulin and IGF-1 
have a synergistic effect on bFGF in rat lens cell differentiation (Chamberlain et al., 
1991; Richardson et al., 1993). In contrast, bFGF has been reported to have no effect 
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on the lens cell differentiation of chicken (Beebe et al., 1987). The experimental 
approach of both studies was essentially the same, but the assay for fibre cell formation 
differed in an important detail. The effect of growth factors on explanted rat lens cell 
differentiation was examined by the ability to synthesize and accumulate the lens-fibre 
specific β- and κ-crystallins (McAvoy and Chamberlain, 1989; Chamberlain et al., 
1991 ). Beebe et al. (1987) explanted the central regions of lens epithelia of 6 days old 
chicken, and tested the ability of hormones and growth factors to stimulate cell fibre 
differentiation as characterized morphologically by cell elongation and biochemically by 
¿-crystallin accumulation. The amount of ¿-crystallin increased from 8 to 16% after 
incubation with IGF-1 (Beebe et al., 1987). The ¿-crystallin transcripts accumulate to 
a high level in lens fibre cells during development of the chicken embryo, but ¿-crystallin 
transcripts have been detected in the lens epithelial cell also (Thomas et al., 1990). 
Hence, it is difficult to discriminate between lens epithelial and "true" fibre cells, and 
thus between the extent of differentiation. In chicken lens cells, no synergistic effects 
of IGF-1 and bFGF has been tested as yet. In conclusion, additional studies are required 
to confirm the differences in growth factor requirements between chicken and rat lens. 
It is possible that multiple and perhaps redundant signal transduction pathways are used 
in regulating the differentiation of the lens cell (see De Jong et al., 1994). Combinatorial 
mechanisms, whereby the same signals in different combinations evoke distinct 
responses also have been described, e.g. the information of EGF or NGF are probably 
transduced by the same pathway but lead to opposite biological effects (Chao, 1992). 
REGULATION OF TRANSCRIPTION 
Transcription, and especially transcription initiation, is a major level of control of gene 
expression. Before an eukaryotic gene can be transcriptionally activated, its promoter 
must be accessible to the polymerase complex and to transacting factors. Access to 
genes is associated with two, independent, mechanisms: an open chromatin 
configuration and demethylation. The exact mechanism by which chromatin 
décondenses is not firmly established as yet. The chromosomal regions that are 
decondensed appear to be cell-type specific, limiting gene expression to those required 
in a particular cell type (see Kornberg and Lorch, 1992; Wolffe, 1992; Workman and 
Buchman, 1993). A second mechanism that could be of importance in restricting gene 
expression is the cell-differentiation dependent or spatially defined promoter 
demethylation. However, some transcription factors are not affected by the methylation 
state of their cognate binding site, and the transcriptional regulation of a number of 
genes is independent of its methylation state. 
Transcription in eukaryotic cells is catalysed by three different nuclear RNA 
polymerases (RNA pol I, II and III), which act on specific classes of genes, such as 
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those coding for ribosomal RNA, messenger RNA and the small RNAs -5S ribosomal 
RNA and tRNAs-, To initiate transcription from the corresponding promoters, each 
polymerase requires auxiliary proteins. Despite the specificity of the initiation 
complexes, all the promoters require TATA-box binding protein (TBP) for activity (Struhl, 
1994). Most is known about the role of TBP and the general RNA pol II transcription 
factors (GTFs: TFIIA, TFIIB, TFIIC, TFIID, TFIIE, TFIIF, TFIIH, TFII-I, and TFIIJ) in 
transcription initiation and regulation of genes transcribed by RNA pol II (Zawel and 
Reinberg, 1992). The asymmetric binding of TBP to the DNA deforms the structure of 
the DNA and directs the orientation of transcription (Nikolov et al., 1992; Kim, Y. et al., 
1993; Kim, J.L. et al., 1993). The complex formation of TBP to the DNA in turn 
facilitates the binding of TBP-associated factors (TAFs) to TBP. Different subsets of 
TAFs can interact with TBP, thereby giving rise to functionally different TFIID 
complexes. Less well understood are the roles of TBP in transcription by RNA pol I and 
pol III, although pol I- and pol Ill-specific TBP-TAF complexes have been identified. 
Different cis-elements have been characterized in promoters for protein- encoding 
genes, namely a TATA-box, an initiator region, and promoter-specific regulatory 
elements. Formation of a transcription initiation complex is directed by either the TATA-
box or the initiator or both minimal promoter elements (O'Shea-Greenfield and Smale, 
1992). Either or both elements have been identified in all class II genes. Transcription 
initiation on TATA-box containing promoters starts with the binding of transcription 
factor TFIID, which consists of TBP and a subset of (probably promoter-specific) TAFs. 
Depending on the set of TAFs, complexed with TBP/DNA, binding of some but not other 
transactivating factors is possible. Binding of TFIIA stabilizes the TFIID-DNA complex, 
which associates subsequently with TFIIB. TFIIB facilitates the recruitment of RNA pol 
II complexed with TFIIF to the transcription initiation complex, which now can be bound 
by TFIIE, TFIIH, and finally, TFIIJ, completing the assembly of the transcription 
initiation-competent preinitiation complex with the general transcription factors. 
Hydrolysis of ATP and the presence of ribonucleoside triphosphates are required to 
activate the complex to the elongation stage. It is hypothesized that once elongation 
proceeds, several GTFs remain at the start site and are available for multiple rounds of 
reinitiation. Many class II promoters, i.e. 'housekeeping' promoters, lack a functional 
TATA-box, but do contain initiator elements (Weis and Reinberg, 1992). The initiator 
region is unidirectional, with a loose but consistent consensus sequence: Py Py A+1 N 
T/A Py Py (Javahery et al., 1994). The strength of an initiator region depends on a 
given sequence, e.g. the strong Initiator region (Inr), which was first described in the 
terminal deoxynucleotidyltransferase (TdT) gene (Smale and Baltimore, 1989), or the 
HIP1 element (housekeeping initiator protein binding element 1 ) in the dehydrofolate 
reductase (dhfr) gene (Means and Farnham, 1990). However, all initiator elements 
probably are recognized by an (unidentified) universal protein or by closely related 
proteins (Javahery et al., 1994). RNA pol II binds specifically, although weakly, to the 
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initiator region. It is possibly targeted by an additional (unknown) factor to the initiator 
region. This putative factor would facilitate the binding of TFIID, TFIIB and TFIIF, 
resulting in an initiation competent complex. Although several proteins, like E2F, TFII-I, 
USF and YY1, can enhance the strength of a specific promoter by binding to sequences 
which overlap transcription start sites, the mechanism by which these proteins act 
remains to be elucidated (Ham et al., 1992; Javahery et al., 1994). Most promoters 
contain, upstream of the initiator region, consensus binding sites for transcription 
factors, e.g. Sp1, Oct-1 or Oct-2A sites (Smale and Baltimore, 1989; Blake et al., 
1990; Arnosti et al., 1993), which are thought to be able to position a transcription 
initiation complex by a 'tethering' factor, which could be a TAF (Pugh and Tjian, 1990, 
1991, 1992). Not surprisingly, promoter activity depends critically on the apposition of 
these binding sites to the initiator region. 
Eukaryotic promoters are characterized by many cis-acting control elements. 
Some elements, such as the TATA-box or the initiator region are common to most or 
all promoters, while others, like enhancers or silencers, are restricted to specific 
promoters. Differentiation- and cell-type specific activity of a gene therefore depends 
on the interplay between promoter elements and the presence of transactivators-
repressors. With regard to differentiation and development, when a whole set of tissue-
specific genes is transcribed, e.g. during lens or skeletal muscle differentiation, it was 
hypothesized that a limited set of proteins controls expression of all tissue-specific 
genes. In myogenesis, the study of this control mechanism has greatly profited from the 
ability of cultured myoblasts to fuse and differentiate in myofibres, and the development 
of myogenic cell lines that differentiate upon growth factor depletion. This experimental 
system has enabled the identification of a family of muscle-specific transcription factors 
(myf-5, myf-6, MyoD, myogenin), of which the members have the capacity to initiate 
muscle differentiation in non-muscle cells. Each protein contains a conserved basic 
domain, that is required for the binding to specific DNA sequences in the promoters or 
enhancers of many muscle genes (Buckingham, 1992). A framework for the determin-
ation and differentiation of skeletal muscle was proposed by Funk and coworkers 
(1991), involving a predisposition of genes to commit to the muscle lineage, followed 
by the activation of myogenic regulatory factors, like myf-5 or -6 and MyoD, and a 
decrease of growth factor receptors that negatively regulate myogenic activity and the 
suppression of Id (inhibitor of differentiation). The activation of muscle cell specific 
genes by a limited set of factors can serve as a working model to explain differentiation 
and developmental processes (Olson, 1992). Indeed, the parallels in myogenesis and 
in lens formation, e.g. precommitted genes and growth factors, argues for the existence 
of comparable mechanisms. Hence, in the study of lens-preferred expression of the 
crystallins in the differentiating lens much attention has been paid to transcriptional 
regulation, searching for the transacting factors and cis-acting sequences, which deter-
mine the lens-preferred and temporal and spatial regulation of crystallin gene expression. 
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Until half-way the 80s the paradigm has been that crystallins were exclusively 
expressed in lens. This concept was shattered by the observation that various crystallin 
genes exhibited a remarkable resemblance with genes that function extralenticularly, 
mostly in homeostasis or in stress-response (see e.g. De Jong et al., 1989). For several 
crystallin genes it was next demonstrated that they were recruited from those genes. 
More importantly, it was also demonstrated that expression of these genes is not 
restricted to lens. Some crystallins function extralenticularly as chaperone or small heat 
shock proteins, while various members of the taxon-specific crystallins are active 
enzymes in non-lens cells. The question of what defines lens-specific crystallin 
expression was rephrased and extended to what determines the level and timing of 
lens-preferred expression. The former notion that lens-specific expression of crystallins 
must be primarily regulated at the level of transcription had now to be changed, as lens-
preferred expression of (taxon-specific) crystallins could equally well be regulated at the 
level of transcription, translation or protein metabolism. 
In the lens, synthesis of proteins takes place predominantly in the epithelial and 
outermost fibre cells. The turnover of lens proteins is extremely slow. Hence, it is 
formally possible that the accumulation of crystallins in lens compared to non-lens 
tissue results from a differential protein turnover and stability. Not only the intrinsic 
structural properties of a protein, like charge, size, hydrophilicity, thermodynamics! 
stability, proteolytic cleavage sites and post-translational modifications, influence its 
half-life, but its turnover rate is also affected by its intracellular environment, i.e. 
different half-lives are measured for the same protein in different tissues. Indeed, 
degradative pathways as well as enzyme-controlled post-translational modifications of 
proteins can vary with cell type. The contribution of the intracellular environment to 
crystallin stability is not clear yet. 
Translational processes could influence the expression of crystallins as well. For 
example, translation efficiency can be affected by differences in the constituents of the 
translation-machinery, the presence or absence of repressor or activator proteins, or by 
masking mRNA from translation (Ranjan et al., 1993; see for review Kozak, 1992). 
Possible regulation at the translational level in lens has been neglected thusfar, no 
studies to date have systematically addressed this subject. 
The expression of the crystallins can also be regulated at the RNA level, i.e. 
transcription, RNA processing and stability. As already stated above, transcription 
initiation requires access of the polymerase complex and transacting factors to the 
promoter, and thus the chromatin structure must be decondensed, and, in most cases, 
also demethylated. Although chromatin configuration or methylation state are potential 
levels at which transcription is regulated in lens, little is known about these processes 
with respect to crystallin gene expression. The level of expression of several κ-crystallin 
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genes correlates with the extent of demethylation of their promoter regions (Peek et al., 
1991), but it is not known whether (de)methylation is a primary or a secondary 
regulatory event. Several taxon-specific crystallin genes use the same promoter for lens 
and non-lens expression, and are ubiquitously expressed, which implies that these 
promoters must be continuously accessible. In these cases lens-specific trans- or 
coactivators, or non-lens repressors must exist. Hence, the frequency of transcription 
initiation of a taxon-specific crystallin gene in lens compared to non-lens tissue can be 
elevated by the acquisition of a lens-specific enhancer or the removal of a lenticular 
silencer region. Other taxon-specific crystallin genes, however, use an, alternative, lens-
specific promoter, which is not necessarilly ubiquitously accessible. 
There is some evidence that regulated mRNA turnover plays a role in the control 
of mRNA levels in lens, e.g. the amount of vimentin mRNA is first up and then down 
regulated by (unidentified) post-transcriptional mechanisms during development of the 
lens (Sax et al., 1990a). Post-transcriptional mechanisms alone could perhaps suffice 
to explain the increased accumulation of crystallin transcripts in lens compared to non-
lens tissues, but no clear examples are available as yet. The stability of a messenger is 
partly determined by the cellular environment and partly by intrinsic properties, such as 
secondary structure or (de)stabilizing sequences (D'Orvall et al., 1991 ; Atwater et al., 
1990). The intrinsic properties of transcripts in a given cell enable a differential 
regulation of the turnover, so that some are stable while others are rapidly degraded. 
In lens, crystallin mRNA is extremely stable with half-lives reaching days (Peek et al., 
1992b). No general increase in stability of mRNA has been reported in lens (see chapter 
2), although in lens alkaline RNase inhibitors have been shown to be present (Bloemen-
dal, 1981). Hence, the stability and features of the crystallin transcripts is probably 
determined by their primary or secondary structure. This notion is supported by the 
observation that lens fibre cells probably contain a specific crystallin mRNA degradation 
pathway, which can discriminate between crystallin and e.g. aldose reductase messen-
gers (Peek et al., 1992b). Thusfar, no common elements have been identified in 
crystallin transcripts, which could be responsible for this phenomenon. In conclusion, 
differences in crystallin mRNA metabolism in- or outside the lens could affect 
accumulation in the respective tissues, but in no studies to date has the metabolism 
been examined systematically. A first step in unravelling the regulation of crystallin 
mRNA metabolism has been recently made by using a density labeling to measure the 
turnover rates of ¿-crystallin mRNAs in lens (Li and Beebe, 1993). 
Lens-preferred expression can, in principle, be regulated at the levels of protein 
turnover, translation, mRNA stability or transcription, yet transcriptional mechanisms 
seem to be the most important. Assuming that all crystallin genes started as a house-
keeping gene, the following situations at the transcriptional level are conceivable 
following recruitment as a crystallin: 1) the single-copy gene continues to encode the 
housekeeping enzyme as well as the crystallin, e.g. f-crystallin/lactate dehydrogenase 
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В, and transcription initiation is increased in lens; 2) after recruitment, a duplication of 
genes is followed by a division in functions as either the crystallin or the housekeeping 
protein (Piatigorsky and Wistow, 19Θ9, 1991). The corresponding crystallin promoter 
can now become lens-specific. For example, the ¿1- and ¿2-crystallin genes in chicken 
encode ¿-crystallin and argininosuccinate lyase, respectively. Intermediate situations are 
also found, e.g. in duck both ¿-crystallin genes contribute about equally to the lens 
structural proteins, while only ¿2-crystallin is the active enzyme. To high-light the role 
of transcription in the regulation of crystallin gene expression the following section 
focusses on the known cis-acting sequences, crystallin gene promoters and their 
expression characteristics. For an extensive review see Piatigorsky and Zelenka (1992). 
UBIQUITOUS CRYSTALLINS 
The ubiquitous crystallins are detected in every vertebrate lens examined sofar, which 
suggests that these genes have been recruited in the most primitive vertebrates (see 
Wistow, 1993) (table 1). The ubiquitous crystallins are the α-, β- and κ-crystallins. The 
β- and κ-crystallins are classified as the /?/K-crystallin superfamily, because these genes 
probably originated from a common ancestral gene (Lubsen et al., 1988). The functional 
and structural conservation of the ubiquitous crystallins during evolution argues in 
favour of an important role in lens. 
a-crystallins 
The ff-crystallin gene family has two members, σΑ and σΒ. The σ-crystallins are related 
to the small heat shock proteins (sHSP), and function as molecular chaperones. 
Extralenticularly, σΒ-crystallìn behaves as a small heat shock protein (Horwitz, 1992; 
De Jong et al., 1993; Merck et al., 1993). 
The σΑ-crystallin gene 
In mouse and chicken, σΑ-crystallin is encoded by a single-copy gene, which is 
preceded by a TATA-box containing promoter. The σΑ-crystallin gene is expressed in 
lens epithelial as well as in lens fibre cells. Extralenticular expression of σΑ-crystallin has 
been detected recently, amongst others in spleen, brain, liver, lung and skin of rats 
(Srinivasan et al., 1992). Transcription regulation, however, has been studied only in 
the lens of mouse and chick. These two species appear to use different elements for 
lens-specific expression (see Klement et al., 1989). 
In mouse, two cis-elements, the DE-1 (-111/-106) and σΑ-CRYBPI (-66/-57) sites, are 
able to confer lens-specific expression. These two elements are functionally redundant, 
as mutation of either element was not sufficient to abolish lens-specific expression in 
transgenic mice (Sax et al., 1993). In contrast, mutation of either element did eliminate 
expression in the mouse lens cell line σΤΝ4-1 (Sax et al., 1993). The conflicting results 
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in the transgenic animals and the σΤΝ4-1 cell line is possibly due to the epithelial origin 
of the cell line, while in the transgenes also fibre cells were examined. In addition, the 
developmental age of the σΤΝ4-1 cell line could be a determinant of the sequence 
information required for expression. The σΑ-CRYBPl element (at position -66Λ57) has 
the sequence GGGAAATCCC (Sax et al., 1990b). A zinc-finger protein binding to this 
region was isolated (σΑ-CRYBPl ) and was shown to be related to the ubiquitously 
expressed human transcription factors MBP-1 and AGIE-BP1 (Nakamura et al., 1990). 
It has been proposed that an σΑ-CRYBPl mediated lens-specific protein complex, 
possibly cooperating with lens-specific coactivators, causes lens-specific (over-) 
expression of the σΑ-crystallin gene (Kantorow et al., 1993). The chicken, as well as 
the human, σΑ-crystallin promoter contains the sequence GAGAAATCCC (respectively 
at positions: -79/-70 and -64/-Б5), differing at only one position from the σΑ-CRYBPl 
binding sequence in mouse (Jaworski et al., 1991; Sax et al., 1990b). Sax et al. 
(1990b) have reported that the chicken sequence GAGAAATCCC could not stimulate 
the activity of a Herpes simplex virus tk promoter construct in the σΤΝ4-1 cells, while 
the mouse sequence enhanced promoter activity. In agreement with these results is that 
the chicken sequence is not used for lens-specific promoter recognition in chicken. 
In the chicken, the region -162 to -79, containing the elements ffCE1 (-165/-134) and 
aCE2 (-135/-121 ) is necessary and sufficient for lens-specific expression (Matsuo et al., 
1991; Matsuo and Yasuda, 1992). The chicken oCE2 element is analogous to the 
mouse DE-1 element (see above). Transfection studies with murine σΑ-crystallin 
promoter constructs in chicken cells suggested a role for the sequence -111/-88 (thus 
including the DE-1 motif) in the lens-specific expression in chicken cells (Chepelinsky 
et al., 1987). σΟΕ1 and aCE2 motifs specifically bind nuclear proteins. These proteins 
are not restricted to the lens, although the factor binding to σ ^ 1 is predominantly 
found in lens. The protein-complex, binding to the oCE1 element, was partially purified 
(oCEFD, and consisted of 6 polypeptides. 
In summary, mouse as well as chicken use two elements in specifying lens 
expression. In transgenic mice, either element, the σΑ-CRYBPl-site or the DE-1 (oCE2) 
element, is sufficient in directing lens expression. In transfected mouse cells, both 
elements are required. Similary, in transfected chicken cells, both the oCE2 and the 
σCE1 sites are necessary for this expression. The mouse σΑ-crystallin promoter has 
been shown to be active in chicken lens cells and vice versa, the chicken σΑ-crystallin 
promoter is active in mouse lens cells. This recognition across species could be 
mediated by the DE-1 (aCE2) element in cooperation with a second element. Chicken 
lens cells may recognize an element of the mouse σΑ-crystallin promoter that is not 
used or is redundant in the mouse itself, and mouse lens cells recognize a comparable 
element of the chicken σΑ-crystallin promoter. This hypothesis is in agreement with the 
proposition that multiple and redundant pathways determine lens expression (see De 
Jong et al., 1994). 
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The σΒ-crystallin gene 
In rat, the single-copy σΒ-crystallin gene has two transcription initiation sites, 
whereby the TATA-box containing promoter of the short transcript (0.9 kb) is located 
in the transcribed area of the long transcript (1.2 kb). The transcriptional start site of 
the long transcript is preceded by a CAAT-box, but lacks a TATA-box or a G/C-rich 
sequence (Iwaki et al., 1990). The coding region of σΒ-crystallin in the long transcript 
is preceded by several open-reading frames, which, at least in vitro, inhibit the 
translation of the σΒ-crystallin mRNA. The long transcript is detected in all tissues, at 
approximately the same, low, abundancy. The short transcript, however, predominates 
in tissues with a high σΒ-crystallin content, like lens epithelial and lens fibre cells, 
skeletal and cardiac muscles. In mouse two mRNA species of the σΒ-crystallin gene 
were also detected, differing 0.4 to 0.5 kb in length (Dubin et al., 1989), but the nature 
of the difference in transcript length was not characterized. The mouse promoter of the 
short transcript contains a consensus heat shock element between position -388 and 
-373. Whether this element indeed plays a role in the stress induction of the σΒ-
crystallin gene has not directly been demonstrated. 
Attempts to map the regulatory elements in transfection experiments have 
yielded contrasting results. In transfected chicken primary lens cells the region 
-222/-167 controlled transcription of a mouse σΒ-minigene construct, which lacked part 
of the coding region (Dubin et al., 1989). Whereas, in a later study, a region down­
stream from position -115 seemed essential for lens-specific CAT activity in transfected 
primary chicken lens cells and the rabbit N/N1003A cell line (Dubin et al., 1991). The 
region -426/-257 was necessary for expression in two muscle cell lines, and binds 
nuclear proteins of these cell lines (Dubin et al., 1991 ). The interpretation of the above 
results is hampered by the fact that the σΒ-crystallin gene has two transcription 
initiation sites and two overlapping promoter regions. 
ß-crystallins 
In contrast to the σ-crystallins, no housekeeping equivalent or function has yet been 
found for the /?-crystallins. Their direct vertebrate ancestor is unknown, but a distant 
relation has been found with Myxococcus xanthus protein S and Physarum 
polycephalum 3a protein (Wistow, 1990). The heterogeneous /?-crystallins can be 
divided into an acidic (βA) and a basic (/?B) group, based upon the charge of the 
polypeptides (Berbers et al., 1982; Ramaekers et al., 1982). The expression of the 
different members of the /?-crystallin gene family is developmentally regulated (Aarts et 
al., 1989; Hejtmancik et al., 1985; Van Leen et al., 1987). For example, the βΒ"\-
crystallin gene is expressed during early embryonic development, while the expression 
of the £B2-crystallin gene is predominantly detected in the postnatal lens. In chicken, 
at least two members of the /?-crystallins (/?B2 and /?A3/A1) have been detected 
extralenticularly (Head et al., 1991). Conflicting results have been reported in another 
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study, i.e. that the expression of the chicken /7A3/A1 gene is limited to the lens 
(McDermott et al., 1992). In the latter study, however, 10//g total RNA of the eye 
excluding the lens was examined while Head et al. (1991 ) used 20 pg total RNA of the 
retina. The determinant of the increased expression of the chicken /?A3/A1 gene in lens 
is situated in the region -382/-143 upstream of the transcription initiation site. A 
strongly conserved region between man, mouse and chicken sequences lies around 
position -110, that is, outside the 'lens'-determinant of the chicken gene, thereby 
questioning the value of this element in specifying lens-preferred expression. In chicken, 
the expression of the y?B1 -crystallin gene seems to be restricted to lens. In transfection 
studies, however, ßB 1 -promoter constructs were also active in non-lens cells. Moreover, 
only ubiquitous transacting factors binding to these promoter regions could be identified 
(Roth et al., 1991 ). A survey of cis-acting elements in the rat/?B2 promoter is presented 
in this thesis (see chapter 6). 
Y-crystallins 
The K-crystallin gene family consists of two branches. One branch is formed by a single 
member (yS), which is expressed in every vertebrate. The other branch is made up by 
multiple, closely related genes. This branch is absent in birds and reptiles. Like the ß-
crystallins, the κ-crystallins are distantly related to Myxococcus xanthus protein S and 
Physarum polycephalum 3a protein. κ-Crystallin expression outside the lens has not 
been detected in rats or mice, although a low level of transcripts was identified in non-
lens tissue of Xenopus la e vis (Smolich et al., 1994). Because no data are available 
concerning the expression-regulation of KS-crystallin, this section is limited to the 
expression of the κ-crystallin genes from the second branch. In rodents, the expression 
of these six κ-crystallin genes is differentially regulated and restricted to lens fibre cells. 
All six genes are simultaneously activated but differentially silenced (Van Leen et al., 
1987), resulting in a differential distribution of the κ-crystallins in the rat lens (Siezen 
et al., 1988). During lens cell differentiation the expression is restricted to a small 
differentiation window (Peek et al., 1992b). The expression is preceded by a 
demethylation of the promoter region, which presumably allows the access of trans­
acting factors (Peek et al., 1991). A number of regulatory elements have been 
identified. Two of these are involved in lens-specificity, namely an activator (-57 to -46, 
direct upstream of the TATA-box), which is restricted to lens cells, and a silencer (-85 
to -67), which is recognized in non-lens cells (Peek et al., 1990, 1992a; Liu et al., 
1991 ). The other, upstream, elements include a retinoic acid response element (RARE), 
which could finetune the developmental timing and extent of expression (Tini et al., 
1993). Remarkable is the lens-specific recognition and expression of transfected rodent 
K-crystallin genes in chicken cells, which do not contain endogenous κ-crystallins except 
for yS. This result is suggestive of a conserved lens-specific factor. The target gene of 
this factor in chicken lens cells has not been identified. 
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The taxon-specific crystallines, of which circa 11 have been identified to date, are 
closely related and sometimes even identical to housekeeping enzymes (Table 1). 
Hence, most taxon-specific crystalline are also expressed extralenticularly. Their 
function as a crystallin is limited to phylogenetic restricted subclasses, which is taken 
as an indication that they are later recruits to the lens than the ubiquitous crystallins. 
Table 1: Relationships of eye lens crystallins. 
CRYSTALLIN DISTRIBUTION RELATIONSHIP REFs·) 
а 
ß 
Y 
δ 
e 
ζ 
η 
λ 
μ 
Ρ 
τ 
Ω 
S 
J 
all vertebrates 
all vertebratesi 
all vertebrates/ 
(low in birds) 
birds and reptiles 
many birds and crocodiles 
guinea-pig, camel 
elephant shrew 
rabbit, hare 
several marsupials 
frogs (Rana} 
lamprey, most vertebrates 
octopus 
cephalopoda 
cubomedusan jellyfish 
small heat shock proteins 
Myxococccus xanthus protein S 
Physarum polycephalum spherulin 3a 
argininosuccinate lyase (62) 
lactate dehydrogenase B4 
NADPH:quinone oxidoreductase 
aldehyd dehydrogenase I 
hydroxyacyl CoA dehydrogenase 
ornithine cyclodeaminase 
aldo-keto reductases 
σ-enolase 
aldehyde dehydrogenase 1 and 2 
glutathion S-transferase 
unknown 
1 
2 
2 
3 
4 
5 
6 
7 
6 
8 
9 
10 
11 
12 
*) For references see: 1) Bloemendal et al., 1981; Wistow and Piatigorsky, 1988. 2) Lubsen et 
al., 1988; Wistow, 1990. 3) Wistow and Piatigorsky, 1987. 4) Wistow et al., 1987. 5) Rao et 
al., 1992. 6) Kim et al., 1992. 7) Mulders et al., 1988. 8) Carper et al., 1989. 9) Wistow et al., 
1988. 10) Tomarev et al., 1991. 11) Tomarev et al., 1992. 12) Piatigorsky et al., 1989. 
δ-crystallins 
In birds and reptiles ¿-crystallin is one of the major lens proteins. Chicken and duck 
contain two highly homologous genes, ¿1 and 62 (Piatigorsky et al., 1987, 1988). A 
gene duplication and separation of functions has probably occurred for the ¿-crystallin 
genes, with ¿1 providing the crystallin function and lacking enzymatic activity, while 
62 is identical to argininosuccinate lyase (ASL), and provides the household function. 
In chicken, the ¿1-gene provides most of the crystallin. In the lens of duck, both genes 
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contribute about equally to the tf-crystallin. Transcripts of both genes are detected 
outside the lens, and the genes are also subjected to differential expression (Thomas 
et al., 1990). As ASL is a tetrameric enzyme, it has been suggested that ¿1 -crystalline 
could form heterotetramers with ^-polypeptides, leading to various isoenzymes and 
thereby modulating ASL activity (Thomas et al., 1990; Li et al., 1993). 
The ¿-crystallin genes are, at least in chicken lens, differentially expressed during 
development, resulting in differences in the relative abundance of individual transcripts 
in different regions of the lens (Parker et al., 1988; Thomas et al., 1990; Li and Beebe, 
1993; Li et al., 1993). In the embryonic chicken lens, the ratio of ¿1-crystallin m 
RNA/¿2-crystallin mRNA is about 1 0 : 1 in the central epithelium and increases to over 
a 100 : 1 in fibre cells (Li and Beebe, 1993). During further development of the lens, 
the amount of ¿1 crystallin mRNA remained approximately the same, while the amount 
of ¿2 mRNA increased more than 5 fold (Li et al., 1993). mRNA metabolism studies 
indicated that the differential expression in- and outside the lens of both ¿-crystallin 
genes in the chick is primarily regulated at the level of transcription (Li and Beebe, 
1993). In in vitro transfection and runoff experiments however, the ¿1 and ¿2 
promoters lack significant lens specificity and their relative strengths cannot account 
for the greater amount of ¿1 mRNA in the embryonic chicken lens (Borras et al., 1985, 
1988; Yasuda and Okada, 1986; Hayashi et al., 1987; Das and Piatigorsky, 1988). 
Lens-preferred expression of the ¿1 -crystallin gene is mediated by overlapping positive 
and negative regulatory elements in the third intron (Goto et al., 1990; Kamachi and 
Kondoh, 1993). Several nuclear factors binding to the ¿1 -intron elements have been 
identified. The ubiquitously expressed ÍEF1, which is a zinc finger-homeodomain 
protein, represses activity of the ¿-crystallin enhancer (Funahashi et al., 1991, 1993). 
Its activity is counteracted by competitive displacement by a yet unidentified lens-
specific activator, which activity is enhanced by the nuclear factors ¿EF2a and -b 
(Kamachi and Kondoh, 1993). A similar element is present in the third intron of the 62-
crystallin gene, which could be recognized by the same nuclear factors. Indeed, no 
functional differences in promoter strength or enhancer sequences have been identified 
between these two crystallin genes in transfection studies. Both promoters and both 
third intron sequences were interchangeable without influencing the activities of 
reporter constructs (Thomas et al., 1990). The function in lens-preferred expression of 
the (homologous) introns of duck could be interesting, but have as yet not been 
described (see also Piatigorsky et al., 1987). 
In conclusion, the basis for the specific expression patterns of the two 6-
crystallin genes is due to differential control of transcription, but the regulatory 
sequences have not been identified to date. 
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τ-crystalHn 
The glycolytic enzyme σ-enolase is highly expressed in the lenses of certain species like 
lamprey, lizard and turtle, where it functions as r-crystallin (Wistow et al., 1988). In 
contrast to other crystalline, r-crystallin is predominantly expressed in the lens epithelial 
and not in the lens fibre cells (Kim et al., 1991 ). The promoter of the r-crystallin gene 
is upregulated by the proto-oncogene c-myc, of which the expression is higher in 
epithelial cells than in fibre cells (Warwar et al., 1992; Wistow, 1993). The effect of 
c-myc on other crystallin promoters, or on differentiation perse is not known. In duck, 
r-crystallin is encoded by a single-copy gene, which is preceded by a TATA-box 
containing promoter. The promoter region from -803 to + 3 failed to direct lens-
preferred expression in transfected duck cells (Kim et al., 1991 ). A possible explanation 
is that the cultured cells were differentiating to fibre cells, as indicated by the 
decreasing amount of endogenous r-crystallin mRNA, which could result in losing their 
ability to recognize the r-crystallin promoter (Kim et al., 1991). Alternatively, the 
transfected promoter constructs could be missing a lens-specific element. The duck r-
crystallin gene was not tissue-preferentially expressed in transgenic mice (Kim and 
Wistow, 1993), in contrast to most ectopic expression studies with crystallin regulatory 
sequences. In conclusion, the mechanism of lens-preferred r-crystallin expression 
regulation has not been elucidated yet. 
ζ-crystallin 
f-crystallin is a major protein in the lens of certain mammals, like guinea-pig, and has 
NADPHrquinone-oxidoreductase activity (Huang et al., 1987; Rao et al., 1992). The 
gene is also expressed at lower levels outside the lens, for example in liver and kidney 
(Huang et al., 1990). In guinea-pig, the single-copy gene contains two, alternatively 
used promotors and first non-coding exons (Lee et al., 1993, 1994). In liver, the 
upstream promoter is used, which is a typical G/C-rich household promoter. The 
downstream promoter (from -385 to +69) is preferentially used in lens and contains a 
TATA-box (see Wistow, 1993). No lens-specific elements have been described to date. 
e-crystallin 
The e-crystallin polypeptide is prominent in lenses of many birds and higher reptiles 
(Stapel et al., 1985), and has been shown to be identical to the housekeeping enzyme 
lactate dehydrogenase В (LDH-B; Wistow et al., 1987). An interesting feature of e-
crystallin/LDH-B is that it also functions as an anoxic stress response protein (see 
Anderson and Farkas, 1988), stressing the role of stress proteins in lens recruitment. 
In duck, the same single-copy gene is used for expression in all tissues (Hendriks et al., 
1988). A delineation of the regulation of e-crystallin expression is presented elsewhere 
in this thesis. 
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OUTLINE OF THE THESIS 
When this study began, only the promoters of the α-, γ- and ¿-crystalline had been 
examined for regulatory elements involved in lens expression, while expression in non-
lens cells had been neglected. The discovery of the taxon-specific crystalline in 
conjunction with the finding that almost all crystalline were also expressed extra-
lenticularly suggested a quantitative approach towards transcription regulation. The 
(evolutionarily) recent recruitment of housekeeping enzymes, such as LDH-B as e-
crystallin, provides the opportunity to unravel the mechanism(s) of the tissue-specific 
regulation of expression. The research described in this thesis concerns the regulation 
of β-, γ-, and LDH-B/e-crystallin gene expression. 
The regulation of LDH-B/e-crystallin expression is addressed in chapter 2. The 
lens-preferred expression of LDH-B/e-crystallin is regulated at the level of transcription, 
by a differential use of transcription initiation sites, located 28 nts apart. No sequence 
element was detected in transfection studies that directed the frequency of usage of 
either site. This lack of differential expression regulation could be due to cis-elements 
outside the transfected promoter sequence. However, for this study trans-differentiating 
neural retina chicken cells were used as a source of lens cells. Although the ancestral 
lineage of the chicken probably once contained e-crystallin, it is now absent in chicken 
lens. This phenomenon could be due to mutated cis-elements, or to a difference in 
transacting factors. The latter option is investigated in chapter 3. Using primary cultures 
of duck lens epithelial or heart cells, lens-preferred expression of transfected promoter 
constructs was achieved. In addition, the sequence element responsible for the tissue-
specific usage of the transcription start sites could be identified. A protein factor 
binding to this element is detected in nuclear extracts of duck and chicken heart and 
chicken lens but not of duck lens. Hence, the element could function as a silencer of 
the LDH-B/e-crystallin gene expression in heart cells. 
A possible common denominator for proteins recruited as crystallins is that most 
crystallins appear to be involved in (osmotic) stress response. It is thus conceivable that 
lens activation of these genes is regulated by a common, perhaps stress-related, factor. 
If so, coordinated induction of expression can be expected. In chapter 4, the 
accumulation of stress-related crystallin transcripts, i.e. sHSP/aB-crystallin, LDH-B/e-
crystallin and σ-enolase/r-crystallin transcripts, during embryonic development of the 
duck embryo is reported. No evidence was found for coordinate gene expression. 
Chapter 5 reports the extensive studies that were carried out in order to map and 
identify sequence elements and binding proteins involved in the lens-specific expression 
of the KD-crystallin gene in rat. An activating sequence determines the maximal activity 
of the promoter in lens cells, while a silencing sequence suppresses activity in non-lens 
cells. Binding of specific nuclear factors of lens or non-lens origin to these respective 
elements was observed, and suggests that the lens-specific expression of the 
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KD-crystallin gene is obtained by lens-specific activation as well as non-lens specific 
silencing. 
As mentioned above, expression of crystallin genes is also dependent on the 
differentiation stage of the lens cell. In chapter 6 it is described how the interplay of 
activator elements in the upstream region and the first intron and a silencer element 
adjacent to the upstream activator element limit the /7B2-crystallin gene expression to 
a specific differentiation stage of rat lens expiant cells. These cultures mimic the 
morphological and biochemical changes during differentiation found in vivo. 
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In duck the single copy lactate dehydrogenase В (LDH-B) gene also encodes an abundant 
lens protein, ε-crystallin. The LDH-B/e-crystallin gene consists of eight exons, of which the 
first is non-coding. The promoter region lacks a TATA box, is very GC-rich and contains 
multiple consensus Spi binding sites. The gene has two discrete transcription start sites 
located 28 base-pairs apart. Both 9ites are used about equally in heart tissue, while 
transcription from the downstream start site predominates in the lens. For maximal 
promoter activity in lens or heart, sequences from the first intron are required. The 
enhancer(s) in this intron is promoter specific as it could not activate the tk promoter. 
Studies at the RNA level show that the overexpression of the LDH-B/8-crystallin gene in 
the lens is regulated at the transcriptional level, yet no tissue-specific regulatory elements 
could be detected in a region spanning from —1-9 kb (1 kb = 10 bases or base-pairs) up to 
the translation initiation site in the second exon. 
The basis for the differential expression of the LDH-B/e-crystallin gene in duck heart and 
lens is the usage of the downstream transcription initiation site. However, our results do not 
allow a distinction between activation of the downstream transcription start site in the lens 
or repression of the use of this site in heart. 
Keywords: ε-crystallin; lens; housekeeping promoter; lactate dehydrogenase В gene 
1. Introduction 
The lens of the vertebrate eye is noted for its high 
protein concentration. The bulk of the lens proteins 
is made up by a limited set of abundant water-
soluble proteins, collectively known as the crystal­
line. The short range order between the crystalline is 
presumably responsible for the transparency of the 
lens, while their concentration gradient in the lens is 
thought to result in the refractive capacity of the 
lens (Délaye & Tardieu, 1983; Fernald & Wright, 
1983). As the primary sequence of the crystalline 
has become available over the past years, it became 
apparent that the crystalline can be roughly divided 
into two classes: the ubiquitous crystalline, i.e. 
crystalline found in all vertebrate lenses thus far, 
and taxon-specific crystalline, i.e. cryetalline limited 
to certain species of taxons. The taxon-specific 
t Present address: Department of Cell Biology and 
Histology, University of Nijmegen, Nijmegen, The 
Netherlands. 
% Author to whom all correspondence should be 
addressed. 
crystallins turned out to be closely similar or even 
identical to housekeeping proteins (for reviews, see 
De Jong & Hendriks, 1986; De Jong et al., 1989; 
Piatigorsky & Wistow, 1989; Lubsen & De Jong, 
1991). The genes for these proteins are thus rather 
unusual in that they provide a dual function: they 
perform their housekeeping function in the appro-
priate tissues of the body and they are abundantly 
expressed as a structural gene in the eye lens. 
A prime example of a taxon-specific crystallin is 
ε-crystallin (Stapel et al., 1985), which has been 
shown to be identical to lactate dehydrogenase В 
(LDH-B§; Wistow et al., 1987). In duck, both 
proteins are encoded by the same gene (Hendriks et 
al., 1988). e-Crystallin is found in some species of 
birds and in alligators, where it constitutes up to 
2 3 % of the water-soluble lens protein fraction 
(Wistow et al., 1987). LDH-B^-crystallin was prob-
§ Abbreviations used: LDH-B, lactate dehydrogenase 
B: kb, 103 bases or base-pairs; nt, nucleotide(s); bp, 
base-pair(s); PCR, polymerase chain reaction; NR, 
neural retina. 
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ably recruited as a crystalhn more than 170 million 
years ago, before the divergence of birds and higher 
reptiles The lens specific expression has been subse­
quently lost in a number of bird species Most 
terrestrial birds, such as chicken, lack e-crystallin, 
water fowl, e g duck, and birds living at high 
altitude, have retained ε-crystallin (Wistow et αϊ, 
1987) 
The recruitment of housekeeping genes, such as 
the LDH-B gene, as crystalline, provides a unique 
opportunity to trace the mechanism(s) of the 
acquisition of tissue-specific expression during the 
course of evolution We show here that the over-
expression of the LDH-B gene in the lens is regu­
lated at the level of transcription We have 
therefore isolated and characterized the duck 
LDH-B gene and have studied its promoter in more 
detail The duck LDH-B gene has a typical house­
hold GC-nch promoter region with several S p i 
consensus binding sites In lens cells essentially only 
a single transcription initiation site is found In 
heart cells an additional transcription start site, 28 
nucleotides upstream, is used as well The activity 
of the L D H В promoter is dependent on an acti­
vating element in the first intron The activating 
element is promoter but not tissue-specific 
2. Materials and Methods 
(a) Materials 
Restriction enzymes were purchased from 
Boehnnger-Mannheim, Ameraham or Promega Mung 
bean nuclease and bacteriophage T4 polynucleotide 
kinase were from Boehnnger-Mannheim The RT-PCR kit 
with rTth DNA polymerase was from Cetus Reaction 
conditions were chosen as recommended by the supplier 
Dephosphorylated ÂEMBL3 arms and packaging mixes 
were supplied by Promega 3 2 P labelled nucleoside 
triphosphates and ['*C]chloramphenicol were from 
Amersham M199 medium was supplied by Flow and 
foetal calf serum by Gibco 
(b) Genomic library construction and screening 
Duck {Anas platyrhinchos) total genomic DNA was 
isolated and partially digested with Sau3A The resulting 
random fragments were size fractionated on a 0 4 % (w/v) 
agarose gel and fragments ranging in size from 15 to 23 kb 
were recovered by electroelution After ligation to dephos 
phorylated AEMBL3/ßowiHI vector arms and packaging, 
plating on Escherichia coli LE392 resulted in 8 ж 10' 
individual plaques Replica filters of this library were 
screened with the EcoRl insert of the LDH-B cDNA clone 
/DLe-16 (Hendriks et al, 1988) according to Church & 
Gilbert (1984), except that 100 ¿ig single stranded herring 
sperm DNA/ml was added to the hybridization solution 
Filters were washed twice at 65°C for 30 mm with 
0 25 M-Na2HP04 (pH 7 2), 1 тм-EDTA, 1% (w/v) SDS 
Positive hybridizing clones were plaque purified and 
characterized according to established methods 
(Sambrook et al, 1989) 
(с) Oligonucleotides 
The following oligonucleotides were synthesized e-1, 
(5' GCTTCTCCTTCAGGGTCG 3'), e-4, (5'-GTGNGGGG-
GATGCAGAG-3'), e-6, (5'-AGGGTCGCCATGGCGTC 3'), 
e-7, (5'-CGCCATGGCGTCCGTTA-3') The primer e 1 is 
complementary to the nucleotides -(-661 to +678 located 
directly downstream from the translation initiation 
codon Primer e-4 is complementary to nucleotides + 5 to 
+ 22 of the first exon Primer e-6 is complementary to the 
nucleotides +651 to +667 directly downstream from the 
5' border of the second exon Primer e 7 is complementary 
to the last 5 nt of the first exon nt + 30 to +34 and to 
nucleotides +651 to +662 of the second exon (see also 
Fig 4A) Note that the numbering of nucleotides is from 
the transcription initiation site in lens on the genomic 
sequence Radiolabelled oligonucleotides were prepared 
by phosphorylation with [y-32P]ATP and T4 poly­
nucleotide kinase unincorporated nucleotides were 
removed using a Sephadex G50 spin column 
(d) cDNA library screening 
A duck lens cDNA library in ЛСТ11 (Hendriks et oí , 
1988) was screened with oligonucleotide e-1 as a probe in 
order to obtain cDNA clones bearing 5'-non coding 
sequences Hybridization was carried out at 53 °C during 
16 h in 6xSSC (SSC = 0-15MNaCl, 0-015 м-sodium 
citrate, p H 7 0), 10 χ Denhardts solution 0-2% SDS 
100 /ig single stranded herring sperm DNA/ml Filters 
were washed twice at 53°C for 30 mm in 2 χ SSC. 0 2 % 
SDS Positive clones were plaque-purified and character 
ìzed using standard protocols (Sambrook et al, 1989) 
(e) Sequence determination 
Random fragments of the genomic clone pDuLdhB-1 
were subcloned and sequenced as described previously 
(Hendriks et al, 1987) Promoter region or exon 
containing subclones were selected by screening with 
appropriate probes Gel readings were compared, edited, 
assembled and analysed using the IG-Suite program 
(Intelligenetics, Ine ) and the programs of Staden (1977) 
The sequence will be deposited in the EMBL data bank 
(f) RNA sequencing, primer extension, RT-PCR 
RNA was isolated from various tissues using the 
lithium chloride/urea method (Auffray & Rougeon 1980) 
or according to Gough (1988) Poly(A) selection was 
according to Auffray & Rougeon (1980) Primer extension 
analysis and sequencing of RNA transcripts were 
conducted as described (Geliebter et al, 1986) About 5 /ig 
total RNA of duck lens, or about 50 /ig of total RNA or 
0-5 /ig of poly(A)+ RNA of duck skeletal muscle or heart 
muscle was used per lane in the primer extension or the 
RNA sequencing reactions A sequence reaction of known 
DNA was used as a size marker 
The Perkin-Elmer Cetus GeneAmp Thermostable rTth 
Reverse Transcriptase RNA PCR Kit was used for the 
detection of transcription initiation sites on heart and lens 
RNA The reverse transcription reaction conditions were 
as recommended by the supplier The PCR conditions 
were slightly modified in that the cycling conditions were 
1 mm at 95 °C and annealing/extension 1 min at 58 °C for 
35 cycles The final extension was 7 mm at 58 °C The 
anti-sense primer used was e-1 (see above) the sense 
primers used were + 1 (5'-ACGGCTCTGCATCCCCC-3') 
located from position + 1 to +17 for detection of the 
downstream transcription initiation site and —28 (5' AT 
TGCTGGGCCCCGAGC 3') located from position - 2 8 to 
— 12 for detection of the upstream transcription initiation 
site (see also Fig 4A) 
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(g) Northern (RNA) blot analysts 
Total RNA of lens or heart tissue of duck or chicken 
was fractionated on formaldehyde/agarose gels 
(Sambrook et al 1989) and transferred to nitrocellulose 
filters The insert of cDNA clone pDLe 53 containing the 
exons 2 3 4 5 and part of 6 of the duck ε-crystallin gene, 
was labelled with [ot-32P]ATP by random oligonucleotide 
priming and was used as a hybridization probe 
Prehybndization and hybridization weie performed as 
described The blots were washed twice at 42°C for 30 min 
in 2 x S S C U l ° 0 SDS The integrity and amount of the 
RNA preparations were confirmed by hybridization with 
a probe for rRNA with prehybndization and hybridiza­
tion as described above Blots were washed twice for 
30 min in 0 2 χ SSC 0 1 SDS at 65°C 
(h) mRNA stability measurements 
Actinomvcin D (100 ng/ml) was added to parallel 
primary cultures of duck lens expiants (5/dish) or heart 
cells At 2 h intervals a culture was harvested the RNA 
was isolated (Gough 1988), and Northern blotted The 
blots were hybridized successively with pDLe-53 a probe 
for the ubiquitin gene and a probe for rRNA The bands 
of LDH-B mRNA and rRNA were densitometrically 
scanned and the ratio was determined For convenience 
the 18 S band was used for lens tissue and the 28 S band 
was used for heart tissue 
(ι) Construction of ε-cry stalli η CAT plasmids 
(ι) Promoter constructs 
All promoter constructs were based upon the SCAT 
vector in which the promoter-less CAT gene is preceded 
b\ the pL"C12 poh linker The appropriate genomic frag­
ments were excised from the genomic clones by (partial) 
restriction digestion as indicated in the Figures Where 
necessary (removal of the initiation codon ligation of 
non-compatible ends), fragments were blunted bv treat­
ment with mung bean nuclease .All constructs were 
confirmed by restriction mapping and sequencing 
(u) Enhancer constructs 
All enhancer clones were made using the pBLCAT2 
vector (Luckow ¡ι Schuetz 1987), which contains the tk 
promoter driving the CAT gene The intronic region, 
excised from genomic (sub)clones by restriction digestion 
was cloned in the small polyhnker behind the CAT fusion 
gene To replace the tk-promoter by the ε-crystallin 
promoter the tk-promoter and part of the CAT gene was 
excised and replaced by the corresponding region of 
pECAT7 (see Fig 6) All constructs were confirmed by 
restriction mapping and sequencing 
(j) Cell culture DNA transfechon and CAT assay 
Chicken neutral retina cells were isolated from 5-day -
old embryos as described (Okada et al, 1975) 
Five-day-old embryonic duck neural retina cells were 
isolated in the same manner Duck and chicken hearts 
were isolated from 5-day-old embryos Heart tissue was 
sheared to single cells by passing the tissue in Hanks' 
medium (without Ca2 + and Mg2*) several times through 
a 0 25 mm needle The cells were cultured on Costar 
35 mm dishes in MI99 medium supplemented with 10% 
(\/v) fetal calf serum Cultured heart cells were trans­
ferred at approximately 7 0 % confluence The transdiffer 
entiating neural retina cells (NR cells) were cultured for 6 
to 8 days before transfeetion Whenever possible the 
same transfeetion mixture was used to transfect both 
heart and NR cells at the same time Per dish 2 /Jg of 
DNA was transfected using the calcium phosphate co-
precipitation method (Graham & van der Eb, 1973) Two 
days after transfeetion, the cells were harvested and 
assayed for CAT activity, as described (Gorman et al, 
1982, Peek et al, 1990) The CAT activity was corrected 
for the number of cells as determined by measuring the 
protein content of the extract (BioRad protein assay) 
The CAT activities obtained from pSV2CAT or 
pBLCAT2 transfected in parallel were used as standards 
for promoter and enhancer activities, respectively, and 
were arbitrarily set at 100% Every experiment was done 
in duplicate and repeated at least twice with 2 batches of 
DNA 
(к) Methylation state of genomic DNA 
Genomic DNA was isolated from lens and heart 
(Sambrook el al 1989) from 24-day-old duck embryos 
A portion was first digested to completion with Pstl and 
then further digested with the methylation-sensitive 
restriction endonucleases Apal, Eagl or Smal The digest 
was considered complete when 0 25 μ% of lambda DNA 
added to one-eightieth part of the digestion mixture was 
digested to completion The digests were Southern blotted 
and probed with the 570 nt long Pstl-Smal probe This 
probe detects a 2 8 kb Pstl-Pstl fragment and a 538 bp a 
595 bp or a 570 bp fragment for DNA cleaved with Apal, 
Eagl or Smal respectively 
3. Results 
In duck, LDH-B/e-crystall in represents a b o u t 
1 0 % of t h e water-soluble protein in t h e adul t lens, 
while in hear t t h e L D H - B protein concent ra t ion is 
a t t h e household level This difference in L D H - B 
c o n t e n t could be due to al tered protein metabol ism, 
to a l tered m R N A metabol ism or t o a difference in 
t h e ra te of t ranscr ipt ion One way to dist inguish 
between thebe a l ternat ives is to compare the level 
and s tabi l i ty of L D H - B m R N A in lens and h e a r t 
(a) The amount of LDH-B mRNA correlates 
with the protein content 
To measure t h e level of LDH-B/a-crvstall in 
m R N A , R N A was e x t r a c t e d from a d u l t duck lens or 
hear t , N o r t h e r n b lot ted a n d hybridized with a 
L D H - B c D N A probe As shown in Figure 1 the 
concentra t ion of L D H - B m R N A is a t least 40 t imes 
higher in d u c k lenses t h a n in hear t With the probe 
used (a duck c D N A fragment) a signal could be 
detected in chicken hear t R N A as well No L D H - B 
m R N A could be detected in chicken lens R N A , in 
agreement with t h e reported absence of e-crystallin 
in this species (Stapel et al , 1985) We conclude t h a t 
t h e accumula t ion of t h e L D H - B protein in the d u c k 
lens correlates with the m R N A level therein 
Tissue-specific differences in R N A levels can be 
due to α difference in t h e ra te of t ranscr ipt ion b u t 
they can also be caused by a difference in the r a t e of 
R N A turn-over T o e s t i m a t e the s tabi l i ty of t h e 
LDH-B/6-crystallin m R N A in lens or hear t cells, 
t ranscr ipt ion was blocked by adding act inomvcin D 
and t h e r a t e of decay of L D H Β/ε crystall in m R N A 
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D D С 3 i Ь 7 
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Figure 1. LDH-B RNA levels in heart or lens, isolated 
from adult duck or chicken. Total RXA from either duck 
or chicken lens or heart was separated on agarose/form-
aldehyde gels. Northern blotted and hybridized with 
either a duck cDNA probe for LDH-B/e-crystallin 
(LDH-B) or with a nbosornal probe (rRNA). Lens D. 2 /<g 
total duck lens RNA: lens C, 2 ^g total chicken lens RNA: 
heart D. ö /ig total duck heart RNA: heart C. ö μg total 
chicken heart RNA. 
was determined by N o r t h e r n blott ing. As shown in 
Figure 2. t r e a t m e n t with act inomycin D for eight 
hours did not affect the level of LDH-B/g-orystallin 
m R N A in ei ther tissue. I n contras t , the level of 
ubiqui t in m R N A dropped rapidly in both tissues. 
We conclude from these exper iments t h a t a differ­
ence in LDH-B/g-crystallin m R N A stabi l i ty is not a 
major factor in t h e lens-specific accumulat ion of 
ε-crystallin m R N A and t h a t the higher level of 
++ I I I II· 
CRI 
Figure 3. Diagrammatic representation of the duck 
ε-crystallin gene. The tilled boxes represent coding exons. 
the open boxes non-coding exons. Repeats are depicted by 
brackets. The simple 18 bp Kpnl repeat region in the first 
intron is denoted with K. the repeat in the second exon. 
which shows resemblance to the chicken repeat I. is 
indicated with CRI. The continuous lines under the 
diagram indicate the sequenced regions. 
ε-crystallin m R N A in the lens most likely reflects a 
higher r a t e of t ranscr ipt ion. 
(b) Organization of the ε-crystallin gene 
To s t u d y the involvement of t ranscr ipt ional 
e lements in the tissue-specific expression of the duck 
LDH-B/8-crystalIin gene, we first set out to clone 
and character ize this gene. A duck genomic DNA 
library was screened with the ε-crystallin c D N A 
clone ÀDLe-16. Four clones were isolated, which 
together represented a region of approximate ly 
25 kb of genomic DNA. The exons were mapped 
within this region by a combinat ion of restriction 
mapp ing and nucleotide sequencing. The resulting 
m a p is shown in Figure 3. The coding region of the 
duck L D H - B gene was found to be d is t r ibuted over 
seven exons . as is t h a t of the human L D H - B gene 
(Takeno & Li, 1989). The exon/ in t ron junct ions in 
the coding regions of the human and cluck L D H - B 
gene are located at identical sites. 
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Figure 2. Stability of LDH-B/c-crystallin mRNA in lens or heart tissue. RNA extracted from primary cultures of 
either heart (left 2 panels) or lens (right 2 panels) cells treated with actinomycin D ( + ActD) or without ( - ActD) for the 
length of time indicated was Northern-blotted and hybridized with a probe for LDH-B/£-crystallin mRNA (LDH-B). 
ubiquitin mRNA (UBIQ.) or rRNA (rRNA). Only the relevant parts of the autoradiograms are shown. 
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T h e longest duck ε-crystallin c D N A clone avail­
able has a 5'-non coding region of 15 nucleotides 
Comparison of th i s non-coding region with t h e 
genomic sequence preceding t h e ATG init iat ion 
codon showed t h a t the genomic sequence differed 
from t h e c D N A sequences beyond the six nucleo­
tides directly 5' of t h e ATG T h i s suggests t h a t an 
int ron is present m the gene sequence a t this site 
and t h u s t h e presence of an addi t ional 5'-non-coding 
region To d e t e r m i n e the length of t h e 5' non-coding 
region, pr imer e-1, c o m p l e m e n t a r y t o nucleotides 11 
to 29 of the ATG conta in ing e\on, was ex tended on 
lens R N A A d o u b l e t b a n d of 62 to 63 n t was found, 
which m a d e t h e 5'-non coding region 39 to 40 n t 
long ( d a t a n o t shown) T h e (partial) sequence of this 
region was d e t e r m i n e d b y sequencing the 5' end of 
lens R N A , using t h e e 1 oligonucleotide as pr imer 
This sequence information was used for t h e synthe­
sis of an oligonucleotide t o be used as probe for t h e 
corresponding exon sequence T h e sequences were 
found t o comprise a single, 34 b p long, non coding 
exon, located a p p r o x i m a t e l y 650 b p u p s t r e a m from 
the ATG-containing exon (see F ig 3) These experi­
m e n t s also placed t h e site of t ranscr ip t ion init iat ion 
in the lens a t t h e sequence indicated in Figure 4 
T h e complete L D H В gene of t h e duck t h u s 
conta ins e ight exons a n d occupies 11 kb of D N A 
Analysis of t h e gene sequence (see Fig 3) revealed 
t h e presence of repeats in t h e second exon t h a t are 
closely related to t h e known chicken repeats (CRI 
S t u m p h et al, 1984) a n d a p p r o x i m a t e l y 25 t a n d e m 
copies of a n 18 b p simple Kpnl r epeat in t h e first 
in t ron (see Figs 3 a n d 4) 
- W O CCCAGCGACC TCATTCCACC CNCCCCTCTT AAAACAAACC CCCATCCCAC CCACCCCCCC 
100 TTCCAACGAT CCCCCATTCC АССАСАДССА ССССАСЛАСС CCTCTCCCCC CCCCCCCCCA 
- 1 2 0 CATTCCCTCC CCCCTTCCTC AAACCCCCCT AAATATGACA GACACACACA GATGAGCCCC 
160 АЛССАСТССС GCCTCCCCCA CCCTCATCTC сссссстлсс CCCCTTCATC C C A T T C C C C C 
Spi Spi I p l 
too cccccdcccc ccCACCcopccccorccccc cccccccccc TTCCGCC :cc c c o b r r c c c c 
: той to TGCGCATccc TOATTMCC scassina sutaaa kuettcttt Mattate 
L à f l C J T C C G T C C C C C C C C C C C C C C C A T C C C CCCCCCCCCC Т Т Т С С С Л С С С 
• 8 1 C C T C C C C C C A C C C C C C ( ¿ 2 5 * C T T G £ T ¿ C £ C G C T C G C C G ) 
Kpnl 
» 6 0 3 C T T C T C C C C T C C T C T C C C G C C C T C C T C A C C C C C A C C C T T C CTCCCCJ 
χ » Асеетшес АСААСПСАТ НАсеесеяд ссееееесел есссктнс цсслтАС 
LDH-fi 
HIP I 
дгттс 
QCCA 
о с и 
TLLULUI I U . I U 4 J L L L 
0СССТСАГТ ОООАОЙС 
(с) Sequence motifs m the ε-crystalhn 
promoter region 
Inspect ion of t h e sequence u p s t r e a m from t h e lens 
t ranscr ipt ion ini t iat ion site (Fig 4A) shows t h a t 
this region lacks TATA boxes, as does t h e h u m a n 
L D H В gene (Takeno & Li, 1989) In contras t t h e 
closely related glycolytic LDH-A gene has a T A T A 
box p r o m o t e r ( F u k a s a w a & Li, 1986) T h e d u c k 
ε-crvstallin p r o m o t e r region is, however, ext remely 
GC-nch t h e GC c o n t e n t is a p p r o x i m a t e l y 7 2 % in 
t h e first 200 n t and rises to 8 4 % in t h e first 100 n t 
5' of t h e t ranscr ip t ion ini t iat ion site Several S p i 
consensus b inding sites were identified (Fig 4A) 
T h e ε crystall in p r o m o t e r is t h u s a t j pical GC-nch 
housekeeping p r o m o t e r 
I t has been shown for several GC-nch p r o m o t e r s 
t h a t t h e region a r o u n d t h e t r a n s c r i p t i o n ini t iat ion 
site is required for full ac t iv i ty of t h e p r o m o t e r T w o 
consensus sequences have been derived the H I P I 
sequence, found a m o n g s t o thers in t h e household 
P G K gene (Means & F a r n h a m , 1990), and t h e 
in i t ia tor (Inr) sequence, first del ineated for t h e T d T 
gene (Smale & Bal t imore, 1989) Interest ingly, t h e 
ε crystall in p r o m o t e r conta ins b o t h these regions 
T h e H I P I sequence is b ipar t i te one p a r t is located 
a r o u n d t h e lens t ranscr ipt ion ini t iat ion site, t h e 
second some 30 b p u p s t r e a m T h e Inr sequence 
Figure 4. Sequence elements in the 5' and flanking 
regions of the duck E-crjstallm gene A The sequence 
around the transcription initiation sites The first 2 exons 
and the consensus Spi binding sites of the ε ervstallin 
gene sequence are enclosed by boxes The initiation codon 
ATG (*) and the coding sequence of the gene are indicated 
in bold Arrows under the sequence represent the oligo­
nucleotides used for primer extension and identification of 
the first exon (see Alatenals and Methods) The gap in the 
sequence of the first intron is caused by the absence of 
sequence information due to the simple 18 bp Kpnl 
repeats The total number of Kpnl repeats was estimated 
to be about 25 The sequence of the repeat with its Kpnl 
site is shown Numbering of the sequence is from the 
transcription initiation site in the lens Exon 2 was posi­
tioned approximately 650 bp upstream from e\on 1 by 
means of restriction fragment analysis The heart and lens 
transcription initiation sites are indicated bv hooked 
arrows В Diagrammatic representation of transcription 
initiation sites and alignment with H I P I and Inr regions 
Transcription initiation sites are denoted by hooked 
arrows The boxes represent the first non-coding exon 
whereby the filled box represents the additional non-
transcribed region in heart tissue The second exon is also 
indicated by an open box The Inr consensus sequence 
»as taken from Smale & Baltimore (1989) The H I P I 
consensus sequence is as published by Means & Farnham 
(1990) note that the downstream element of the 
£ crystallin gene is identical to the one detected in the 
Ki RAS gene 
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overlaps the copy of t h e H I P I region a r o u n d — 30 
(Fig. 4B). 
In a comparison of t h e ε-crystallin p r o m o t e r 
region with t h a t of o t h e r crystall in genes, no known 
specific conserved e lements were found. T h e 
sequence similarity with the conserved GC-rich 
region of the m a m m a l i a n y-crystallin genes (Lubsen 
et al.. 1988: Peek et al.. 1990) is b u t slight. No 
sequence homology could be found with t h e crystal­
lin αΑ-CRYBP I region (Sax et al., 1990) or with the 
120 bp long core segment of the ¿-crystallin lens-
specific enhancer (Goto et al.. 1990). The only 
sequence overlap with the chicken /? β 1-crystallin 
promoter region ( R o t h et al.. 1991) or τ-crystallin 
promoter region (Kim et al., 1991) concerns consen­
sus Spi binding sites. Hence, no lens-specific regula­
tory e lements can be p inpointed in t h e ε-crystallin 
promoter region on t h e basis of t h e nucleotide 
sequence. 
(d) Mapping of the transcription initiation 
•sites in heart tissue 
As ment ioned above, the ε-crystallin promoter 
region contains an I n r sequence some 30 bp 
ups t ream from t h e lens t ranscr ipt ion s t a r t site. We 
suspected t h a t this region might specify an al terna­
tive and perhaps a household-specific t ranscr ipt ion 
init iation site. To m a p t h e t ranscr ipt ion s t a r t site(s) 
of the L D H - B gene in non-lens tissue as well, a 
pr imer extension e x p e r i m e n t was performed on 
hear t R N A . The extens ion of pr imer e-1 on hear t 
R N A gave less clear results t h a n on lens R N A : a 
m u l t i t u d e of bands was seen. As L D H - B R N A is not 
as a b u n d a n t in hear t tissue as in lens tissue, artifac-
tual products could c o n t r i b u t e subs tant ia l ly t o t h e 
p a t t e r n . The hear t pr imer extension p a t t e r n was 
therefore compared with t h a t from skeletal muscle 
R N A . T h e L D H - B gene is not expressed in this 
tissue. Two b a n d s a p p e a r e d to be unique for the 
hear t p a t t e r n : one b a n d t h a t comigrated with the 
lens extension p r o d u c t a n d one some 28 n t longer. 
To confirm t h a t these two b a n d s indeed represented 
the primer extension p r o d u c t s of L D H - B R N A . t h e 
exper iment was repeated using the e-6 primer, 
which is c o m p l e m e n t a r y to t h e region 11 nt 
ups t ream from the e-1 pr imer . T h e pr imer extension 
products shifted accordingly and had t h e expected 
sizes of 51 n t a n d 79 n t . This exper iment again 
showed t h a t a single t ranscr ip t ion init iat ion site is 
used in lens, while two p r o m i n e n t t ranscr ipt ion 
init iation sites are used in hear t (Fig. δ, lanes 1 
and 2). 
The exper iments reported above were performed 
using primers c o m p l e m e n t a r y to second exon 
sequences. Hence, t h e heart-specific extension 
product could be derived from an a l te rnat ive first 
exon rather than a second more ups t ream transcr ip­
tion initiation site. To dist inguish between these 
two possibilities, a p r imer extension exper iment was 
performed using an oligonucleotide (e-7) comple­
m e n t a r y to the junct ion of the first and second exon 
(i.e. c o m p l e m e n t a r y t o t h e last 5 nt of t h e first exon 
Figure 5. Primer extension on duck lens or heart RNA 
Lanes 1 and 2. autoradiograms of extended products 
using the labelled e-6 primer, complementary to the first 
17 nucleotides of the second exon of the duck ε-crystallin 
gene. Lane 1. 50 /ig of duck adult heart total RNA; 
lane 2, 5 /ig of duck adult lens total RXA. The arrows 
indicate the specific LDH-B/e-crystallin extended 
products of 51 to 52 and 79 to 80 nt. Lane 3. autoradio­
gram of extended products using the labelled e-7 primer. 
complementary to the last 5 nt of the first exon and first 
12 nt of the second exon. and thereby spanning the first 
exon/intron junction of the duck ε-crystallin gene. 50 /ig 
of duck adult heart total RN'A was used. The arrows 
indicate the specific LDH-B/e-crystallin extended 
products. 46 to +7 and 74 to 75 nt. 
and t o t h e first 12 n t of t h e second exon). If an 
a l t e r n a t i v e first exon is used in heart tissue, this 
pr imer should yield only the product common to the 
hear t and lens. However, two bands of the appro­
pr ia te sizes were again found using heart RNA 
(Fig. 5, lane 3). showing t h a t , both in heart and in 
lens, t h e same first exon is used. To confirm our 
i n t e r p r e t a t i o n of these pr imer extension experi­
ments , reverse t ranscr ipt ion followed by PCR using 
the anti-sense second exon primer e-1 and a sense 
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first exon primer representing either the sequence 
from —28 to —16 (the "heart" initiation site) or 
from + 1 to + 1 7 (the "lens" initiation site) was 
performed Products of the expected sizes were 
detected In addition, the much higher sensitivity of 
the PCR allowed us to detect a band deriving from 
the heart transcription initiation site in lens as well 
(results not shown) 
We thus conclude that the duck LDH-B gene has 
two major transcription initiation sites located 
28 nt apart The usage of both sites is about equal 
in heart, while in lens only the downstream site is 
used to a significant extent 
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(e) Mapping of the ε-crystalhn promoter 
and enhancer region 
The differential use of transcription initiation 
sites in heart and lens indicates that the fi-crystalhn 
promoter is tissue-specifically recognized As a first 
step towards identification of the sequence elements 
involved in the specific recognition of this promoter, 
we started to map the regions required for maximal 
activity of this promoter in either heart or lens 
tissue 
An e-crystalhn promoter/chloramphenicol acetyl 
transferase fusion gene was constructed by cloning 
the ε-crystalhn gene up to the translation initiation 
site in the second exon in front of the CAT coding 
sequence This construct (pECATl) contained 
1 9 kb of 5'-flanking sequence, the first exon, the 
first intron and the first 6 nt of the second exon up 
to the translation initiation site (see Fig 6) The 
promoter activity of this construct was tested in 
primary cultures of chicken embryonic heart (H) 
cells as well as in chicken transdifferentiating neural 
retina (NR) cells The chicken transdifferentiating 
neural retina cells represent avian lens-like cells 
(Okada et al, 1975) In these two cell types the 
promoter activity of the pECATl construct was 
high (Fig 6) and about equal 
To determine which region(s) of the pECATl 
construct was required for maximal promoter 
activity, a number of deletions were made Deletion 
of the Kpnl repeat in the intron did not affect the 
activity (pECAT2) A deletion from + 1 up to posi­
tion + 650, ι e deletion of most of the first exon, the 
intron and all of the second exon, caused promoter 
activity to drop to barely detectable levels 
(pECAT5, Fig 6) This could "be due, however, to 
truncation of the H I P I transcription start site The 
H I P I site was restored in рЕСАТб by adding the 
first exon up to position +18, but the promoter 
activity was not recovered m this construct Hence, 
the first intron contains sequences necessary for 
maximal promoter activity 
The upstream region of pECATl was deleted to 
determine the extent of the 5'-flanking region neces­
sary for maximal promoter activity Full promoter 
activity was retained after deleting to position 
- 2 7 0 (рЕСАТЗ, Fig 6) Deletion of the region 
containing all the Spi sites, to position —35, 
1Θ 
10 
12 
10 
Figure 6. The activity of promoter constructs in 
chicken transdifferentiating NR cells and heart cells 
A schematic representation of the promoter constructs is 
shown on the left Boxes denote exons the open box 
represents the additional non-coding region contained 
within heart LDH-B RNA The ±25 simple 18 bp Kpnl 
repeats are indicated by the narrow, interrupted box 
Only restriction sites used in the construction of the 
promoter clones are shown, these are E EcoRl, 
Sf, S/aNI, В, Ватт, F, Folci, Ν, iVcoI The ATG trans­
lation initiation site was contained in a Ncol restriction 
site Sequence numbering is relative to the lens initiation 
site Because the 5'-flanking region beyond position —650 
was not sequenced, the length of the longer clones was 
estimated by restriction mapping On the right the CAT 
activities of the various constructs in either chicken trans­
differentiating neural retina cells (NR) or heart cells (H) 
are given The activities are expressed relative to that of 
pSV2CAT, which was set at 100% 
abolished most of the promoter activity, as 
expected (pECAT4, Fig 6) 
The experiments described above showed that 
first intron sequences are required for maximal 
promoter activity of the ε-crystallin promoter 
These results could be due to a more efficient 
processing of the mtron-containing constructs or 
intronic sequences could function as an enhancer 
To distinguish between these possibilities, the 
enhancer activity of the intron sequence on the 
heterologous tk-promoter was tested The regions 
from + 6 0 to +650 (part of the intron sequence and 
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Figure 7. A, The enhancer activity of the 
LDH-B/e-crystalhn first intron on the tk promoter The 
parental clone, pBLCAT2 is schematically indicated on 
top whereby the tk promoter, the CAT coding region and 
the simian virus 40 intron and polyadenylation region are 
represented by the boxes as indicated The ε-crystallin 
first intron sequence is represented by a heavy arrow, of 
which the direction indicates the orientation of the intron 
sequence The deletion of the Kpnl repeat in the intron 
shown by the interruption of the heavy line and — Kpn 
The restriction sites used for cloning are indicated as 
H, ffmdTII (note that this site derives from the SCAT 
polyhnker), Sfa, Sfatti Sma, Smal On the right hand 
the CAT activities of the constructs transfected into 
either chicken transdifferentiating neural retina cells (NR) 
or heart cells (H) are given The CAT activities are 
represented as percentages of the activities of pBLCAT2 
shown on top All values shown are the average of 4 
independent measurements, except the value marked 
with an asterisk (*), which is the average of 2 measure­
m e n t B, The enhancer activity of the first intron on 
the LDH-B/e-crystalhn promoter The parental clone, 
enECAT7, is shown schematically The LDH-
Β/ε crystalhn promoter (—420 to +18) and the CAT 
coding region are represented by the boxes as indicated 
The first intron sequences are represented as outlined 
above On the right hand the CAT activities of the 
constructs transfected into either chicken transdifferen 
tiating neural retina cells (NR) or heart cells (H) are given 
as percentages of pBLCAT2 activity C, The effect of a 5' 
intron on the activity of LDH-Β/ε crystalhn or tk-pro-
6 n t of the second exon) or + 1 8 to + 6 5 0 were 
cloned with or w i t h o u t t h e Kpnl repeats m two 
o r i e n t a t i o n s behind t h e CAT coding sequences of 
p B L C A T 2 (see Fig 7A) T h e CAT activit ies 
o b t a i n e d from these cons t ruc t s were not higher t h a n 
t h o s e of t h e parenta l p lasmid pBLCAT2 (Fig 7A) 
H e n c e , t h e intron sequences do n o t enhance t h e 
a c t i v i t y of the t k p r o m o t e r However, t h e tk-
p r o m o t e r is a typical T A T A box promoter , while t h e 
ε-crystallin promoter belongs to t h e class of GC-nch 
p r o m o t e r s Possibly th i s difference affects t h e 
e n h a n c i n g act iv i ty To tes t this, t h e tk-promoter of 
e n E C A T l was replaced by t h e region —420 to + 1 8 
of t h e ε-crystallin p r o m o t e r of pECAT7, result ing in 
e n h a n c e r construct e n E C A T 4 (see Fig 7B) This 
c o n s t r u c t did have a higher ac t iv i ty (by a factor 2 t o 
4) t h a n t h e clone w i t h o u t t h e d o w n s t r e a m ìn t ron-
d e n v e d sequences, enECAT7 (Fig 7B) This result 
clearly showed t h a t t he intronic sequence does 
enhance T h e effect of t he intronic sequences on 
p r o m o t e r ac t iv i ty is, however, less t h a n t h a t in the 
original e-crystallin/CAT fusion genes (see F ig 6), 
ind ica t ing a possible effect of position on t h e 
enhanc ing ac t iv i ty of the in t ronic sequence 
T o rale ou t the cont r ibut ion of a splice effect t o 
t he enhanc ing effect of the first in t ron, the г-cryst-
allm first intron was replaced b y an intron d e n v e d 
from t h e r a t yE crysta lhn gene (enECAT8) Plac ing 
this in t ron in front of t h e t k - d n v e n CAT gene in 
p B L C A T 2 did n o t affect t h e act iv i ty of this 
c o n s t r u c t (епЕСАТЭ, Fig 7C) However, a s 
e x p e c t e d from t h e d a t a presented above, replace­
m e n t of t h e ε crys ta lhn first intron by t h e yE-
crys ta lhn first in t ron caused t h e act iv i ty of t h e 
c o n s t r u c t to drop t o t h a t of pECAT7, the ε-cryst-
allin p r o m o t e r const ruct with t h e int ron deleted 
These results clearly show t h a t t h e mere presence of 
an i n t r o n a t t h a t site is n o t sufficiënt for full 
ac t iv i ty 
(f ) TL· methylatwn state of the 
LDH-Bls-crystalhn promoter region 
In t he exper iments described above, no t issue-
specific regulatory e lements were detected 
However , in vivo t he recognition of p romote r 
e lements also depends on the s t a t e of the chromat in 
One measure of t he avai labi l i ty of chromat in for 
t ranscr ip t ion is its methy la t ion s t a t e Therefore, we 
compared the methyla t ion p a t t e r n of the p romote r 
region of t he L D H - B gene in lens and hear t t issue 
T h e methy la t ion s t a t e of some CpG dinucleotides 
moter constructs The functional elements of the 
constructs are indicated as in A and В The yE crystalhn 
first intron and flanking regions (a 0 15 kb Ncol-Pill 
fragment) are denoted by the interrupted, filled box 
marked γ On the right hand the CAT activities of the 
constructs transfected into either chicken transdifferen 
tiating neural retina cells (NR) or heart cells (H) are 
given The CAT activities are represented as percentages 
of the activity of pBLCAT2 
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Figure 8. Methylation state of the LDH-B/e-erystallin 
promoter region in duck lens or heart DXA. Genomic 
DXA isolated from either lens (A) or heart (B) was first 
digested with Pstl (lane 1) and then further digested with 
A}«i\ (lane 2). Eagl (lane 3) or Smal (lane 4). The 
digested DXA was Southern-blotted and hybridized with 
a PslT-Smal fragment spanning the region —641 to —90. 
The Apul site is located at —122. the Eay\ site at —65 
and the Sma\ site at —90. 
was examined by digest ing chromosomal DXA wi th 
the methylat ion-sens i t ive restriction e n z y m e s Apaï, 
Eag\ or Sma\. As shown in Figure 8. no differences 
in restr ict ion pa t t e rn could be found in t he region 
examined ( — 131 to —65). At t he sites tes ted , the 
LDH-B/s-crys ta l l in promoter region is complete ly 
deme thy la t ed bo th in hear t and in lens. Therefore, 
a t present , the re is no indication t h a t the difference 
in usage of t he L D H - B promoter in hea r t and lens is 
due to DXA methy la t ion . 
4. Discuss ion 
The GC-rich p romote r region of the duck 
LDH-B/e-crysta l l in gene classifies it as a typical 
household gene. The gene has , however , some 
unusual proper t ies . I t does not show the disperse 
t ranscr ip t ion ini t ia t ion sites common to o the r 
TATA box-less p romote r s (Dynan, 1986: Smale & 
Bal t imore, 1989. and references there in) . R a t h e r , 
only two discrete t ranscr ipt ion ini t ia t ion sites, 
separa ted by 28 n t , a re found. T h e downs t r eam one 
is much s t ronger t h a n the ups t ream one in lens. 
Usage of t he ups t r eam site in th is t issue could be 
detected only by PCR, not by primer extension. In 
cont ras t , in hear t the two sites are equally s t rong. 
The two t ranscr ip t ion init iat ion sites of the L D H - B 
gene are marked by both the H I P I (Means & 
F a r n h a m . 1990) and the Inr (Smale & Balt imore, 
1989) sequence. The H I P I site jus t downs t ream 
from the lens t ranscr ip t ion init iation site was 
expected to direct the t ranscript ion s t a r t from this 
site. However , part ial deletion of this sequence did 
not affect the promoter act ivi ty (Fig. 6: compare 
pECATo and рЕСАТб). Hence, t h e sequence simi­
lari ty here does not necessarily represent functional 
s imilari ty. A second unusual, albeit not unique, 
feature of t h e ε-crystallin promoter is t h a t 
sequences in t h e first intron enhance p r o m o t e r 
act iv i ty . This sequence still functioned when placed 
d o w n s t r e a m from t h e CAT coding region, but only 
in the c o n t e x t of its own GC-rich promoter . In this 
test, its e n h a n c i n g act iv i ty was only .>0°
o
 of t h a t 
expected from its ac t iv i ty in situ. Our d a t a show 
t h a t the s t i m u l a t i n g effect of the first intron is 
specific to the sequence of t h a t intron, and c a n n o t 
be mimicked by replacing the intron by a different 
one. I n t r o n s have been shown to increase the 
expression from some b u t not all p r o m o t e r s 
( B u c h m a n & Berg. 1988: Choi et al., 1991). I t m u s t 
be kept in mind, however, t h a t all CAT fusion 
cons t ruc t s do a l ready contain an intron, located 
d o w n s t r e a m from t h e CAT coding sequence. Hence, 
it c a n n o t merely be t h e dist inction between a 
cons t ruct with one or two introns t h a t is responsible 
for t h e a c t i v a t i n g effect of the first int ron. More 
likely, t h e first intron sequence has an enhancing 
effect, which is a t least part ial ly constrained by 
position a n d p r o m o t e r type . In this context it is 
n o t e w o r t h y t h a t t h e first intron conta ining the 
enhancing sequence is very GC-rich. 
T h e most r e m a r k a b l e proper ty of t h e duck 
LDH-B/a-crystal l in gene is t h a t it is specifically 
overexpressed in t h e lens. We have been unable to 
reproduce this p r o p e r t y in vitro in chicken t rans-
differentiating neura l re t ina cells. We found no 
evidence for lens-specific recognition of enhancer­
like sequences: all p r o m o t e r constructs were equally 
act ive in h e a r t and X R cells. One obvious possibility 
is t h a t a sequence located outside the region tested, 
i.e. located more t h a n —1-9 kb ups t ream or down­
st ream from the t rans la t ion init iat ion site, is 
involved in governing tissue specificity. 
Alternat ively, t h e lack of tissue specificity of t h e 
p r o m o t e r cons t ruc t s could be due to the assav 
system, the e m b r y o n i c chicken cells. Our choice for 
the chicken cells, hear t as well as lens-like, was in 
p a r t inspired by t h e assumpt ion t h a t the tissue-
specific recognit ion of a p r o m o t e r would be an 
evo lut ionary conserved proper ty , and in par t by our 
pas t experience with t h e transdift 'erentiating neural 
re t ina cells as a source of avian lens-like cells. X'ote 
t h a t t h e e x t e n t of transdifferentiation of the X R 
cells is not crucial for t h e recognition of a lens 
p r o m o t e r : t h e ra t y-crystallin promoters are recog­
nized irrespective of t h e cul ture period of t h e cells 
(Peek et ni.. 1990), similarly, t h e act iv i ty of the 
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ε-crystalhn p r o m o t e r cons t ruc t s was n o t influenced 
by the s t a t e of differentiation ( d a t a n o t shown) T h e 
transdifferentiating chicken N R cells, isolated from 
five-day-old embryos, could lack t h e t r a n s a c t i n g 
factors required t o recognize a gene t h a t in a duck is 
pr imar i ly expressed in t h e late e m b r y o n i c and post­
n a t a l lens ( B r a h m a & Defize, 1985) 
T h e mechanism of t h e lens-specific expression of 
t h e ε-crystallin p r o m o t e r t h u s remains obscure T h e 
fact t h a t t h e same first exon is used by t h e L D H - B 
gene m lens and in h e a r t makes it very unlikely t h a t 
t h e increased expression of t h e gene in lens relies on 
relief of t ranscr ipt ion stal l ing, such as found for t h e 
adenosine deaminase gene (Maa et al , 1990, 
R a m a m u r t h y et al, 1990) I n addi t ion, t h e 
L D H Β/ε-crystallin c h r o m a t i n seems to be equal ly 
available for t ranscr ipt ion in b o t h lens a n d hear t 
cells, considering t h e m e t h y l a t i o n s t a t e of t h e 
p r o m o t e r region in both tissues, a l t h o u g h o u r d a t a 
do n o t exclude differences in nucleosome packing 
Finally, it is possible t h a t t h e a c c u m u l a t i o n of t h e 
É-crystallin m R N A m the lens is not t he result of 
increased p romote r ac t iv i ty , bu t of increased 
m R N A stabi l i ty However , our results indicate t h a t 
the s tabi l i ty of LDH-Β/ε crysta lhn m R N A in lens 
and hear t cells is c o m p a r a b l e 
We have provided one piece of evidence t h a t 
t h e r e is differential recognition of t h e 
LDH-B/8-crystallin p r o m o t e r region in lens a n d 
h e a r t cells, namely differential use of t ranscr ip t ion 
init iat ion sites Two possibilities can be envisaged to 
explain the tissue-specific use of these sites e i ther 
lens-specific ac t iva t ion or heart-specific silencing of 
t h e downst ream site At this t i m e our d a t a do n o t 
allow a dist inction between these a l te rnat ives 
Besides t h e LDH-Β/ε crys ta lhn gene s tudied here, 
t h r e e genes t h a t have a housekeeping as well as a 
crysta lhn function have been character ized, namely 
t h e aB-crystalhn, t h e quinone oxidoreductase/ 
C-crystalhn and t h e a-endolase/r-crystallin genes 
T h e a enolase/t-crystall in gene has a TATA-box 
p r o m o t e r with a single site of ini t ia t ion t h a t is t h e 
same in liver and in lens (Kim et al , 1991) T h e 
quinone oxidoreductase/Ç-crystall in gene has two 
promoters and a l t e rna t ive first exons are used in 
liver and lens (Gonzalez et al, 1992) Similarly, the 
аВ-crystall in gene generates mult ip le t r a n s c n p t s 
a l te rnat ive t r a n s c r i p t i o n ini t iat ion T h e shorter 
t r a n s c r i p t is d i rected by a p u t a t i v e TATA-box-
containing p r o m o t e r a n d is found in t h e lens as well 
as in o ther tissues T h e longer t r a n s c r i p t s are 
p r o m o t e d by a GC-nch region a n d are d e t e c t e d m 
almost all organs b u t n o t in lens (Iwaki et al, 1990) 
Final ly, as shown here, t h e LDH-B/8-crysta lhn gene 
uses t h e same GC-nch p r o m o t e r in h e a r t a n d lens 
F o r none of these four genes is t h e molecular basis 
for their r e c r u i t m e n t by t h e lens as c rys ta lhn genes 
known However, t h e d i spar i ty in t h e housekeeping/ 
crysta lhn gene p r o m o t e r regions e lucidated t h u s far 
suggest t h a t t h e r e c r u i t m e n t of var ious house­
keeping genes m a y n o t h a v e a c o m m o n molecular 
basis F u r t h e r analys is of t h e molecular mechan-
ism(s) which cause " o v e r e x p r e s s i o n " of these genes 
in t h e lens is required t o show whether specific 
housekeeping regulatory signals are prone to lens 
recognit ion 
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CHAPTER 3 
THE MECHANISM OF RECRUITMENT OF THE 
LACTATE DEHYDROGENASE B/e-CRYSTALLIN GENE 
BY THE DUCK LENS 
Harry J. Kraft, Gerd A. Brunekreef, Nicolette H. Lubsen and John G.G. Schoenmakers. 

Recruitment of LDH-B/e-crysta/lin gene 
ABSTRACT 
In duck, the housekeeping enzyme lactate dehydrogenase В (LDH-B) and the lens 
structural protein e-crystallin are encoded by the same single copy gene. Transcription 
of the gene is initiated from two, closely spaced start sites, at -28 and + 1 . The usage 
of the downstream site is greatly enhanced in lens. Deletion mapping of the promoter 
shows that the region -35/+18 specifies the preferred activity of the promoter in lens. 
By bandshift assays a factor binding to the region -22/+2 was detected in duck heart 
cell extracts but not in duck lens extracts. Binding to the -22/ + 2 region was also found 
in extracts from heart or lenses isolated from chicken embryos, i.e. a species which 
lacks e-crystallin. Our data suggest that the overexpression of the LDH-B gene in the 
duck lens is due to the absence of a repressor of the transcription initiation at the 
downstream site. 
INTRODUCTION 
The function of the crystallins, the abundant lens proteins, is thought to be a structural 
one: their short-range order and the gradient in their concentration determine the 
transparency and the refractive properties of the lens (Délaye and Tardieu, 1 983; 
Fernald and Wright, 1983). The crystallins can be roughly divided into two classes, 
namely the ubiquitous and the taxon-specific crystallins. The ubiquitous crystallins, 
known as α-, β- and κ-crystallin, are detected in every vertebrate lens examined sofar, 
while the taxon-specific crystallins are limited to phylogenetically restricted groups. The 
taxon-specific crystallins have a close resemblance or even identity to housekeeping 
enzymes (for reviews, see De Jong et al., 1989; Piatigorsky and Wistow, 1989; 
Bloemendal and De Jong, 1991; Piatigorsky and Wistow, 1991; Wistow, 1993). For 
example, in duck, the single-copy lactate dehydrogenase В gene encodes both the 
housekeeping enzyme lactate dehydrogenase В (LDH-B) and the lens structural protein 
e-crystallin (Stapel et al., 1985; Wistow et al., 1987; Hendriks et al., 1988). The 
recruitment of this and other genes as crystallin genes by the lens provides an unique 
opportunity to study the way housekeeping genes acquire tissue specificity. The duck 
LDH-B/e-crystallin gene is especially intriguing as we have previously shown that this 
gene has a typical housekeeping, i.e. a GC rich, promoter (Kraft et al., 1993). The duck 
LDH-B gene has two, closely spaced, transcription initiation sites. Both sites colocalize 
with consensus transcription initiator sequences: an initiator (Inr) region with the start 
site at position -28, while the HIP1 sequence is found around the + 1 site. In lens, 
transcription initiates predominantly at position + 1 , while in heart both the -28 and + 1 
sites are used equally. Our previous data show that the increased use of the + 1 site 
in lens is the most likely reason for the overexpression of the LDH-B gene in lens, which 
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contains some 40 times more LDH-B/e-crystallin transcripts than heart. We show here 
that duck heart cells contain a factor which binds just upstream of the +1 start site. 
This factor is absent in duck lens. Chicken lenses, which do not use the LDH-B gene as 
a crystallin gene, do contain this factor. Our data are most easily interpreted by 
assuming that the overexpression of the LDH-B gene in the duck lens is caused by the 
loss of a transcriptional repressor. 
MATERIALS AND METHODS 
Cell culture, DNA transfection and CAT assay 
Duck (Anas platyrhynchos) lens epithelial cells were isolated from embryos of various 
ages, essentially in the same manner as described for rat lens epithelial cells (Peek et 
al., 1990). Duck heart cells were isolated from embryos of various ages, as described 
for chicken heart cells (Kraft et al., 1 993). Cultured lens epithelial and heart cells were 
used for transfection at approximately 70% confluence. Per dish, 2 pg of DNA was 
transfected using the calcium phosphate DNA coprecipitation method (Graham and van 
der Eb, 1973). Whenever possible, the same mix was used to transfect lens and heart 
cells. Every experiment was done at least twice. Two days after transfection, cells were 
harvested and assayed for CAT activity (Gorman et al., 1982; Peek et al., 1990). The 
CAT activities are expressed relative to the activity of the pSV2CAT, transfected in 
parallel, which was set arbitrarily at 100%. CAT activities were corrected for the 
number of cells as determined by measuring the protein content (Biorad). 
Duck LDH-B/e-crystallin CAT constructs 
Most of the CAT constructs containing LDH-B/e-crystallin promoter sequences have 
been described previously (Kraft et al., 1993). The promoter constructs spanning the 
regions -220 to +650, -70 to +650, and -70 to +18 were constructed by excision of 
the region with the following restriction enzymes: at position: -220 = Sacll; -70 = 
Eagl; +18 = SfaNI; +650 = Ncol. Sites were blunt ended by treatment with mung 
bean nuclease if necessary or filled in with Klenow polymerase and cloned in SuperCAT. 
All constructs were confirmed by restriction mapping and/or sequencing. 
Bandshift assays 
Nuclear extracts of either heart or lens cells from 17 days old duck embryos or 12 days 
old chicken embryos (Gallus domesticus) were made according to a protocol by 
Schreiber et al. (1989). DNA restriction fragments containing cloned LDH-B/e-crystallin 
promoter fragments were filled in by Klenow polymerase treatment in the presence of 
ir^P-dATP. Double-stranded oligodeoxynucleotides, which were end-labeled by poly-
nucleotide T4 kinase in the presence of K32P-dATP, were separated from single-stranded 
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probe by Polyacrylamide gel electrophoresis. Approximately 0.05 to 0 5 ng probe (10-
20 · 103 cpm) was mixed with 1.0/yg aspecific competitor (poly-dldC or, where 
indicated, poly-dAdT), and 2 ¿/g nuclear extract of either heart or lens of duck or 
chicken in 20 μΙ of 20 mM HEPES pH 7.9/ 20 mM NaCI/ 50 mM KCl/ 1 mM EDTA/ 1 
mM EGTA/ 1 mM DTT/10% glycerol. Binding was allowed to proceed for 20 minutes 
at room temperature after which the sample was immediately loaded on a 5% native 
Polyacrylamide gel. Gels were prerun, for 1h, and run at 1.5 V/cm with recirculating of 
the buffer (0.25 · TBE), after which the gels were dried and exposed to a FUJI X-ray 
film. 
RESULTS 
Duck lens cells recognize the duck LDH-B promoter as a lens preferred promoter 
In an earlier study, we had demonstrated that the duck LDH-B/e-crystalhn promoter was 
not recognized as a lens preferred promoter in chicken cells (Kraft et al., 1993) 
Chickens do not use the LDH-B gene as a gene for a lens structural protein and this lack 
of recognition could thus be due to a species-specific difference Hence, we repeated 
the experiments with duck cells. To ensure that cells of the right developmental age 
were used, duck lens or heart cells were isolated throughout embryonic development. 
These cells were then transfected with an LDH-B/f-crystalhn promoter CAT reporter 
gene construct containing about 1.9 kb of upstream sequence and fused with the CAT 
reporter gene at the LDH-B/e-crystallin translation initiation site in the second exon (at 
+ 650; see Fig 1). The transfected e-crystallin promoter was found to be about five 
times more active (relative to the SV40 promoter) in lens cells than in heart cells at all 
developmental stages tested, suggesting that the e-crystalhn promoter is a lens 
preferred promoter in duck cells. 
Only the minimal promoter region (-35/ + 18) of the LDH-B/e-crystallin gene is required 
for tissue-specific recognition 
The data presented in Fig. 1 show that duck lens cells do recognize the LDH-B promoter 
as a crystallin promoter and we thus set out to map the promoter region required for 
this recognition. To that end, duck lens or heart cells were transfected with a series of 
promoter deletion clones. The results obtained are summarized in Figure 2 Deletion of 
the promoter region up to -70 had no significant effect on either promoter activity or 
tissue-specificity. Apparently, the upstream region, which includes two consensus Sp1 
sites, is dispensable (but see below). Further deletion to -35, which also removed the 
remaining consensus Sp1 site, lowered promoter activity by about 95%, but did so 
equally in lens and heart cells. The tissue-specific recognition must thus be due to the 
region located downstream of -35. To determine the contribution of sequences located 
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Figure 1. Throughout duck embryonic development the activity of an LDH-B/e-crystallin 
promoter/CA Τ fusion construct is greater in lens than in heart cells. A schematic representation 
of the promoter construct (-1900 to +650) is shown on top of the figure. The filled boxes 
denote the first, and part of the second exon, up to the blunt-ended translation initiation site, 
of the LDH-B/e-crystallin gene. The circa 25 simple 18 bps Kpnl repeats are indicated between 
brackets. The hooked arrows denote transcription start sites (Kraft et al., 1993). The relative 
CA Τ activity of the transfected construct in /ens cells (filled bars) was compared to the activity 
in heart cells (open bars). The CA Τ activities in both tissues is expressed relative to the activity 
of pSV2CAT, which was set arbitrarily at 100%. At the bottom of the figure the day of 
embryonic development is indicated at which the cells were isolated for cu/turing. 
downstream from the translation initiation site, part of the first exon (from + 1 8 to 
+ 34), the whole first intron and the 5' region of the second exon was deleted. The 
activity obtained from these constructs was about 10 fold lower than that obtained 
from the full length constructs, but still higher in lens than in heart cells. Hence, the 
downstream region is not required for the lens preferred recognition of the LDH-B/e-
crystallin promoter and the element required for the lens-preferred recognition of the 
LDH-B/e-crystallin promoter must be located between -35 and + 1 8 . Unfortunately, the 
activity of the - 3 5 / + 1 8 promoter is too low to allow a direct test of the tissue-
specificity of expression of this region. Note that the mapping of the tissue-specific 
region of the LDH-B/e-crystallin promoter as presented in Fig. 2 relies on the assumption 
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Figure 2. Deletion mapping of the e-crystallin/LDH-B promoter. A schematic representation of 
the promoter constructs is shown at the left side of the figure. The first exon and the non-
coding part of the second exon of the LDH-B/e-crystallin gene are indicated by boxes, the 
shading of the first exon box indicates the alternative start sites. The triangles denote the 
consensus Sp 1 binding sites. The standard deviation of the CA Τ activity is given. The column 
ratio at the extreme right side of the figure reflects the ratio between the CA Τ activity found in 
lens and heart cells. Cells isolated from 17 days old embryos were used. 
that activity of the control promoter, SV40, is cell type independent. This assumption 
cannot be tested directly. However, if the CMV promoter or the tk promoter (data not 
shown), are used as reference promoter, similar results are obtained, confirming the 
tissue-specificity of the e-crystallin promoter in duck cells. 
Deletion of the first intron significantly lowers promoter activity in both lens and 
heart cells. We have previously shown, using chicken cells, that the intron contains a 
position independent but promoter specific enhancer (Kraft et al., 1993). Transfection 
of the same constructs in duck cells failed to provide convincing evidence for a position 
independent enhancer. However, the effect of the intron in duck cells is sequence 
specific, as replacement with a rat κ-crystallin intron abolished the enhancing effect 
(data not shown). Hence, the effect of the intron elements is likely to be at the 
transcriptional rather than the post-transcriptional level in duck cells as well. 
As shown in Fig. 2, the -420/+ 18 construct has an activity at least two-fold 
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Figure 3. Comp/ex formation of duck nuclear proteins with LDH-B/e-crystallin promoter regions. 
Nuclear extracts were derived of either heart or lens cells from 17 days old duck embryos, as 
indicated above the lanes. (A) Mobility-shift assays with a part of the LDH-B/e-crystallin 
promoter spanning the region from -90/-35, which contains two consensus Sp 1 binding sites 
(see Fig. 2). The source of the extracts is shown above the gel. Aspecific competitor is poly-
dldC or where indicatedpoly-dAdT. The specific competitor for Spi in an approximately 250-
fold molar excess was a double stranded oligonucleotide with a consensus Sp 1 binding site 
(Promega). (B) Mobility-shift assays with probes spanning either the regions -35/+ 18, -35/-12, 
-14/+ 18, or -22/+2, of the LDH-B/e-crystallin promoter. 
higher than that of the - 7 0 / + 1 8 construct. The sequence elements upstream from -70 
thus may play a role in promoter activity as well. Possible candidates for activating 
elements in this region are the two Sp1 sites around -100 and -80. The effect of the 
region beyond -70 is obscured when the first intron is added to the LDH-B/e-crystallin 
promoter constructs. The ten-fold enhancing effect of intronic element(s) may more 
than compensate for the two-fold effect of the -420/-70 region. 
The -22/ + 2 region of the LDH-B/e-crystallin promoter binds to a factor present in duck 
heart cells but absent from duck lens cells 
If the - 3 5 / + 1 8 region of the duck e-crystallin promoter specifies the lens preferred 
expression, then it is likely that this region interacts with nuclear factors. To detect 
such interactions, bandshift assays using nuclear extracts prepared from duck heart or 
lens cells were performed. When the region -90/-35 was used as probe, two major 
bands were detected using either a heart or a lens extract (Fig. ЗА). As this probe 
contained t w o Sp1 consensus binding sites, located around -80 and around -50, 
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duck Chick Figure 4. Mobility-shift assays with 
. . . severa/ LDH-B/e-crystallin promoter 
fragments using chicken heart or lens 
extracts. The source of the extracts and 
the probes used are indicated above the 
lanes. 
For comparison, complex formation with 
duck nuclear proteins is shown on the 
left side. Nuclear extracts were derived 
of either heart or lens cells from 12 days 
old chicken embryos. 
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we suspected that these two bands might represent Spi binding. Indeed, these 
complexes are competed for by a consensus Spi binding site, but not by aspecific 
competitors such as poly-dldC or poly-dAdT (Fig. ЗА). The bandshift pattern obtained 
with the heart nuclear extract contains a third, weak band, not competed for by the 
consensus Sp1 site. The nature of this complex is not clear: its intensity was variable 
and it may represent an artifact. 
A strong shift in heart extracts was also obtained with a -35/+ 1 8 probe (Fig. 
3B). The transacting factor that interacts with this region seems to be lacking in duck 
lens cells as all efforts to obtain a shift with this probe using lens extracts failed (Fig. 
3B). To map the region interacting with this factor further, the - 3 5 / + 1 8 region was 
subdivided into -35/-12 and - 1 4 / + 1 8 . No signal was obtained using these fragments 
as probes. A shift was found, however, with a double stranded oligonucleotide 
containing the sequence -22/ + 2 (Fig. 3B). Hence duck heart cells contain a nuclear 
factor that interacts with the first exon sequence just upstream of the lens preferred 
start site. In duck lens cells, this factor could not be detected. 
Chicken lens cells contain a factor lacking in duck lens cells 
If there is a causal correlation between the difference in interaction with the -22/+ 2 
sequence and the difference in use of the + 1 start site between duck heart and lens, 
then one would predict that such a difference would not be found a species that does 
not contain f-crystallin, i.e. chicken. We therefore compared the bandshift pattern of 
chick heart and chick lens nuclear extracts. The -90/-35 probe yielded a complex, but 
identical, pattern of bands in both chick lens and chick heart nuclear extracts (Fig. 4). 
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Two of these bands have a mobility close to that found for the Spi complexes in duck 
heart and are likely to be due to interaction with the Sp1 sites. 
The region -35/+ 18 also interacts with nuclear factors and yields at least one 
band in the lens extract (prolonged exposure of the autoradiograms suggest that a 
second band might be present in chick lens) and two bands in the heart extract. The 
lower band in the chick heart extract and the single band in the chick lens extract co-
migrate with the band obtained with a duck heart extract and may well represent a 
similar complex. Moreover, binding to the -22/ + 2 fragment is detected in heart as well 
as in lens nuclear extracts of chick (Fig. 4). Finally, chick heart or lens contain a factor 
that interacts with the -35/-12 sequence. No complex formation with this probe could 
be detected in duck (compare Fig. 3B). 
DISCUSSION 
The data presented here show that the transcriptional activity of the duck LDH-B/e-
crystallin promoter is dependent upon three regions, the region upstream from -35, first 
intron elements, and the region between -35 and + 18. Within the upstream region, the 
crucial one is that between -70 and -35: deletion of these 35 bp virtually abolishes 
promoter activity in both heart and lens. One obvious candidate for a regulatory 
sequence in this region is the Sp1 consensus binding site around -50. Supportive 
evidence for an involvement of this Sp1 site in promoter activity is provided by the 
bandshift assays, which show that both lens and heart contain factors binding to this 
Spi site. Sp1 sites have also been shown to be necessary for promoter activity in other 
TATA-less promoters (see for example Ammendola et al., 1990; Buermeyer et al., 
1992). 
The distance between the Sp1 site at -50 and the initiator sequence which 
marks the transcription initiation site at -28 is less than optimal. Smale and Baltimore 
(1989) have shown that an Sp1 site placed 24 nts upstream of an initiator sequence 
only weakly activated transcription initiation at the initiator, while an Sp1 site either 42 
or 50 nts upstream had a strong effect. The same position dependency of Spi directed 
transcription from the HIP1 sequence is probable. In the DHFR promoter, the prototype 
HIP1 promoter, the Sp1 sites are located 45 nts upstream from the start sites (Blake 
et al., 1990; Means and Farnham, 1990). In the context of the LDH-B/e-crystallin 
promoter this position effect would mean that the Spi site is not used for the initiation 
from -28 but only for the initiation from + 1 . The situation may thus be similar to that 
in the human androgen receptor promoter (Faber et al., 1993). This gene also has a GC 
rich promoter with an Sp1 site and two closely spaced transcription initiation sites. 
Mutation of the Sp1 site affected only the initiation from the downstream site, not from 
the upstream site. 
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For the purpose of dissecting the mechanism of lens recruitment of the LDH-B 
gene, the region -35/+18 is of the most interest, as this is the region that determines 
the lens preferred expression. This sequence could act in two possible modes: as an 
enhancer in lens cells or as a repressor in heart cells. 
duck lens 
Sp1 (Ξ-
^¿* 
duck heart 
Figure 5. Model for the protein interactions with the LDH-B/e-crystal/in promoter in duck lens or 
heart. A schematic representation of part of the promoter region and the first non-coding exon 
is shown. Boxes represent the exon. Hooked arrows denote the transcription initiation sites at 
-28 or + 1, whereby the frequency of usage is reflected in the number of arrows. For clarity, 
only the Spi binding site at -50 is depicted, which is shown occupied by Spi. The putative 
repressor binding to -22/+ 2, in heart is indicated by the square. 
If the sequence acts as an enhancer, then one would predict the presence of a 
transactivating factor in lens, but not heart. If the sequence acts as a repressor, then 
one would expect a silencing factor in heart but not lens. From our bandshift data, we 
would argue for the repressor model, as we detect a factor binding within this region 
only in low expressing tissue, be they duck heart or chicken lens or heart cells, but not 
in the highly expressing duck lens cells. This putative repressor binds to the region 
-22/ +2 , i.e. just downstream of the initiator sequence at -28. It could thus leave 
transcription from the -28 site unaffected, but downregulate the use of the predominant 
lens transcription start site, the + 1 transcription start site (Fig. 5). Assuming that the 
use of the +1 site is controlled by binding of Spi or Spi -like factors to the Spi site at 
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-50, then one obvious way in which this putative repressor could act is by preventing 
the tethering of TBP to Sp1, which is required for formation of a transcription initiation 
complex (Pugh and Tjian, 1 990, 1991 ). Alternatively, the repressor could block access 
to the transcription initiation region by the transcription initiation factors. 
The crucial role of Sp1 (or Spl-like) factors in the expression of crystallin genes 
as postulated here is not unique. Mutation of the Sp1 site of the ¿1-crystallin gene of 
chicken abolished promoter activity (Kondoh et al., 1988). Chicken (ens cells were 
shown to contain an Sp1 as well as an Sp1 -like factor (Alemany et al., 1992; Borras 
et al., 1988). Spi or Spi-like factors could even control the developmental and 
differentiation specificity of the transcription of the crystallin genes, as a change with 
development in Sp1 was found in chicken lenses (Alemany et al., 1990), while we 
noted an increase in Sp1 activity during terminal fibre cell differentiation in the rat 
(N.H.L., unpubl.). 
Intuitively, one would argue that tissue-specific expression would be acquired 
by the chance occurrence of a binding site for a lens-specific transacting factor. Indeed, 
this mechanism seems to be used by other genes recruited by the Jens (for review, see 
Piatigorsky and Zelenka, 1992; Wistow, 1993). The chicken arginino succinate 
Iyase/í1-crystallin gene has a lens-specific enhancer in the third intron (Goto et al., 
1990). The quinone oxidoreductase/f-crystallin gene has two promoters, of which the 
TATA-box promoter is used for lens-expression, while the promoter used for non-lens 
expression lacks a TATA-box (Lee et al., 1994). Finally, the small heat shock 
protein/aB-crystallin gene also has two promoters. A TATA-box containing promoter 
generates the shorter transcripts of σΒ-crystallin, which are detected in lens and other 
tissues. The longer transcripts are detected in almost all organs but not in lens and are 
promoted by a GC-rich region (Iwaki et al., 1990; Dubin et al., 1991). In contrast, in 
the case of the LDH-B/e-crystallin gene, our data argue for a model in which the lens-
enhanced expression in duck is due to the loss of a transcriptional repressor. If our 
model is correct, then to understand the mechanism of lens recruitment of this gene we 
should be studying not the LDH-B/e-crystallin promoter but rather the mechanism of the 
lack of lenticular expression of this transcriptional repressor. 
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The three crystallins. aB-crystallm. τ-crystallin/a-enolase and t-crystaJlin/lactate dehydrogenase В are 
all stress induced proteins and may thus share common regulatory elements However, no evidence was 
found for coordinate expression of these three genes during duck lens development The aB- and a-
enolase/r-crystallin mRNAs accumulate with similar kinetics between day 12 and day 24 of embryonic 
development but differ in their epithelial versus fibre cell location, the LDH-B/e-crystallin transcript 
shares its preferential location in the fibre cell with аВ-crystallin but differs in its developmental pattern 
of expression The accumulation of LDH-B/f-crystallin mRNA in heart and lens followed a similar 
developmental pattern In contrast, the a-enolase/r-crystallin mRNA level ш heart decreases while the 
level in lens rises 
The LDH-B gene is used as a crystallin gene in duck but not In chicken This species-specific difference 
may correlate with the difference in LDH-B activity between vanous chicken and duck tissues the retina 
and pancreas in duck have significantly higher LDH-B activity than in chick, while heart, muscle, 
stomach, liver, intestine and kidney all have much higher LDH-B activity in chicken than in duck 
Key words lens, crystallins, lactate dehydrogenase B. a-enolase. duck, development. 
1. Introduction 
Throughout evolution, the vertebrate lens has re­
cruited housekeeping proteins for use as crystallins, 
the abundant water-soluble structural proteins of the 
lens. One of the earliest recruits was probably aB-
crystaUin. a protein which functions in the heat 
shock/stress system outside the lens (Klemenz et al..* 
1991: Horwitz, 1992; De Jong, Leumssen and 
Voorter. 1993, Merck et al., 1993). аВ-crystallin is 
found ш all vertebrate lenses examined and is thus 
known as a ubiquitous crystallin Other recruits are 
specific to a restricted set of species and are known as 
the taxon-specific crystallins (Wistow and Piatigorsky, 
1987: De Jong et al., 1989, Piatigorsky and Wistow, 
1989, 1991; Wistow and Kim, 1991). The taxon-
specific crystallins are identical or related to a wide 
variety of metabolic enzymes, ranging from arginino 
succinate lyase (ASL/¿-crystallin) to the mitochondrial 
enzyme hydroxyacyl-CoA-dehydrogenase (A-crystal-
lin). A possible common denominator of the recruited 
crystallins is that most appear to be involved in the 
(osmotic) stress response (Wistow and Piatigorsky. 
1988; De Jong et al., 1989; Wistow, 1990: Kim, 
Gasser and Wistow, 1992). For example, τ-crystallin is 
identical to a-enolase (¡xENO/T-crystallin ; Wistow 
* Present address Department of Molecular Cell Biology and 
Genetics University of Maastricht. PO Box 616 6200ND 
Maastricht. The Netherlands 
І Author to whom all correspondence should be addressed. 
et al., 1988), enolase levels are increased m heat-
shocked yeast cells (Iida and Yakara, 1985). e-
Crystallin is encoded by the lactate dehydrogenase В 
gene (LDH-B/e-crystallin: Hendriks et al., 1988), 
lactate dehydrogenase functions as an anaerobic stress 
protein ш fibroblasts (Anderson and Farkas, 1988). 
The functional and structural requirements for stress 
induction may also be prerequisites for crystallin 
recruitment, including perhaps the propensity for 
readily inducible gene expression. It is thus con­
ceivable that lens activation of these genes is regulated 
by a common, perhaps stress-related factor. If so, 
coordinated induction of expression during lens de­
velopment can be expected. 
To study putative stress-related regulatory mech­
anisms involved in lens-specific expression duck (Anas 
platyrhynchos) is particularly suited as its lens contains 
three taxon-specific crystallins, namely ASL/Í-
crystallm, οΕΝΟ/τ-crystallm, and LDH-B/e-crystallin. 
in addition to the ubiquitous aB-crystallm (Stapel and 
De Jong, 1983; Stapel et al., 1985; Wistow et al., 
1987, 1988). Of these four stress related crystallins, 
one, ASL/5-crystallm. is encoded by two genes 
(Piatigorsky, Norman and Jones, 1987) while the 
others are encoded by single copy genes (Hendriks et 
al., 1988, Kim et al., 1991). For the sake of simplicity, 
this study focuses on the expression of the single copy 
genes and compares the accumulation of their 
transcripts (and. when appropriate, the changes m 
enzyme activity) m the lens and a non-lens tissue, i.e. 
heart, durmg embryonic development. 
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FIG. 1. Changes in the levels of aB-crystallin, αΕΝΟ/τ-crystalhn or LDH-B/e-crystallin RNA in heart or lens during embryonic 
development. Total RNA from either duck lens or heart was separated on agarose formaldehyde gels. Northern-blotted and 
hybridized with a duck cDNA probe for either (A) aB-crystallin: (B) αΕΝΟ/τ-crystallin: (C) LDH-B/e-crystallin: or with a 
ribosomal probe (rRNA). Per lane. 10 /ig total lens RNA (L) or 10 /<g total heart RNA (H) was loaded, except for part С where 
5 /ig total lens RNA was loaded. Only the relevant parts of the autoradiogram are shown. The days of embryonic development 
at which the tissues were isolated are indicated. On the right side of the figure the relative levels of aB-crystallin. αΕΝΟ/τ-
crystallin or LDH-B/e-crystallin transcripts at different developmental stages are shown graphically. The maximum level 
measured was set at 100%. The filled circles ( · ) represent the transcript levels in lens cells, the open circles (O) those in heart 
cells, for (A) aB-crystallin; (B) αΕΝΟ/τ-crystallin: or (C) LDH-B/e-crystallin. respectively. Note that the low absolute level of 
e-crystallin RNA in heart makes the quantification of the level in heart shown in (C) less reliable. 
2. Materials and Methods 
Materials 
Ducks and their fertilized eggs were obtained from 
commercial sources. 32P-labeIled ATP was obtained 
from Amersham. All other chemicals used were 
reagent grade. 
Northern (RNA) Blot Analysis 
Tissues were excised from duck embryos on days 7. 
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9. 12. 14. 16. 20, 21, 23. 24 or 28 or from ducks on 
days 1 or 10 after hatching and processed immedi­
ately. Total RNA was isolated using the lithium 
chloride/urea method (Auffray and Rougeon, 1980) 
or according to Gough (1988), fractionated on 
formaldehyde-agarose gels (Sambrook et al.. 1989) 
and transferred to nitrocellulose filters. As hybrid­
ization probes, inserts of cDNA clones labelled with [oc-
32P]ATP by random oligonucleotide priming to a 
specific activity of 1-5 χ 10s cpm ng~\ were used. A 
duck α-ΕΝΟ/τ-crystallin cDNA clone with a 1-7 kb 
insert was isolated as described elsewhere (Voorter et 
al., in prep.), the cDNA clone for duck aB-crystallin 
was a generous gift of drs Gert-Jan Caspers and 
contained the coding region from amino acid 6 to 130. 
The cDNA clone pDLe-53 of duck LDH-B/e-crystallin 
contains approximately 0-8 kb of coding region (Kraft 
et al., 1993). Prehybridization and hybridization 
conditions were as described (Kraft et al.. 1993). The 
blots were washed twice for 30 min in 0-2 χ SSC/0-1 % 
SDS at 65°C. The amounts of RNA loaded on the gel 
were confirmed by hybridization with a probe for 
rRNA, with prehybridization and hybridization of the 
filters as described above and washed twice for 30 min 
in 0-2 χ SSC/0-1 % SDS at 65°C. The intensity of the 
hybridization bands of the crystallin mRNAs and 
rRNA was determined by densitometry. 
Enzyme Activity 
LDH-activity was measured spectrophotometrically 
by monitoring the disappearance of NADH at 340 nm 
(in 1 cm cuvettes) as a function of time. In a standard 
assay the reaction mixture contained 0-1 м sodium 
phosphate buffer (pH 7-0), 0 1 шNADH. 0 3 шм 
pyruvate and a suitable amount of enzyme to obtain a 
measurable decrease in absorbency. For comparison, 
LDH-A4 was also measured in the standard reaction 
mixture, but with 2-0 шм pyruvate, which is optimal 
for the latter. Temperature was maintained at 25°C 
using a circulating waterbath connected to the 
thermostated cuvette holder of a Perkin Elmer lambda 
2 spectrophotometer. One unit is defined as that 
amount which causes an initial rate of oxidation of 
1 ¿¿mol of NADH per minute under the assay con-
ditions. A molar absorption coefficient for NADH of 
6-2 χ 103 M"1 cm-1 was used for calculations (Place 
and Powers, 1984). Protein concentration was de­
termined by the bicinchoninic acid protein assay 
method (Smith et al.. 1985). 
Enolase activity was assayed directly by measuring 
the changes in phosphoenolpyruvate concentration 
spectrophotometrically at 240 nm. A 50 шм imidazole 
buffer (pH 6-8) was used, containing 3 т м MgS04, 
0-4 M KCl, and ΙΌ тмsodium-2-phosphc-D-glycerate 
as a substrate, according to Baranowski and Wolna 
(1975). Temperature was maintained at 25°C as 
described above. Specific activity is defined as the 
conversion of 1 /tmol 2-phosphogIycerate into 
phosphoenolpyruvate per minute per milligram 
protein. 
3. Results 
Accumulation of aB<rystallin, αΕΝΟ/τ-crystallin and 
LDH-B/e-crystallin mRNA in Lens or Heart During 
Embryonic Development 
To determine whether the stress-related aB-
crystallin. αΕΝΟ/τ-crystallin and LDH-B/e-crystallin 
genes are coordinately expressed in the duck lens, the 
accumulation of the corresponding mRNAs was 
measured during lens development (Fig. 1). At day 7 
of embryonic development, the earliest point ex­
amined, aB-crystallin and αΕΝΟ/τ-crystallin mRNA 
could already be detected. The levels of these mRNAs 
increased linearly after day 12 up to day 24. At this 
time aB-crystallin mRNA reached a steady state level, 
while the level of αΕΝΟ/τ-crystallin decreased [Fig. 
1(A) and (B)]. LDH-B/e-crystaUin mRNA could first be 
detected at day 12 [Fig. 1(C)]. During further 
development, the amount of LDH-B/e-crystallin 
mRNA increased exponentially in the lens. 
The data presented in Fig. 1 show that the levels of 
aB-crystallin, αΕΝΟ/τ-crystallin and LDH-B/e-crystal­
lin mRNA increase sharply in the lens after day 12. As 
this could be a general developmental effect, the level 
of these mRNAs were also monitored in heart, a tissue 
in which all three genes are known to be active. The 
accumulation pattern of LDH-B/e-crystallin mRNA in 
heart is not unlike that in lens, although the absolute 
level is about 40 times less. In contrast, there is no 
correlation between the αΕΝΟ/τ-crystallin mRNA 
levels in heart and lens during embryonic devel­
opment. In lens the level of this mRNA increases four­
fold from day 7 up to day 24, while the amount in 
heart drops by a factor of two during the same time 
period [Fig. 2(B), right panel]. The differences in the 
level of αΕΝΟ/τ-crystallin in heart versus lens are 
much smaller than in the case of LDH-B/e-crystallin 
mRNA : at hatching the lens contained only five times 
more αΕΝΟ/τ-crystallin mRNA than the heart. In 
mouse aB-crystallin mRNA is relatively abundant in 
heart (Bhat and Nagineni, 1989; Dubin, Wawrousek 
and Piatigorsky, 1989) but in duck the amount of aB-
crystallin mRNA in heart remained below the de­
tection level, in spite of several efforts and over­
exposure of autoradiograms. 
Expression of aB-crystallin, αΕΝΟ/τ-crystallin or LDH-
B/e-crystallin mRNA in Lens Epithelial or Fibre Tissue 
The results reported in Fig. 1 suggest that the 
αΕΝΟ/τ-crystallin and the aB-crystallin genes may be 
coordinately expressed. However, these data were 
obtained using whole lenses and thus do not take into 
account possible differences in epithelial versus fibre 
cell expression. It has been reported that αΕΝΟ/τ-
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than fibre cell mRNA was loaded on the gel). The latter 
result is in agreement with a study by Brahma and 
Defize (1985). who found the LDH-B/e-crystallin 
protein mainly in lens fibre cells of embryonic duck. 
Hence, the region-specific accumulation differs be­
tween αΕΝΟ/τ-crystallin mRNA on the one hand and 
aB-crystallin and LDH-B/e-crystallin mRNAs on the 
other. 
LDH-B Activity in Duck Lens or Heart 
To compare the accumulation of LDH-B/e-crystallin 
mRNA with that of the LDH-B/e-crystallin protein, the 
change in enzyme activity of LDH-B (and of LDH-A. for 
comparison) with time was followed in heart and lens. 
Catalytic activity was measured at pyruvate concen­
trations of 0-3 т м and 2 Ό т м . which are optimal for 
LDH-B4 and LDH-A4. resp. (Table I). As expected from 
the mRNA data, the LDH-B activity in the lens starts 
rising after 14 days of embryonic development: 10 
days after birth the level is about 10 times higher than 
that found in day 14 embryos. In contrast, the 
increase in LDH-B activity in heart during devel­
opment does not seem to keep pace with the increase 
in mRNA level. Figure 1(C) shows a 10-fold increase 
in mRNA level while the enzyme activity only 
increases by less than a factor of two during the same 
time span. 
Tissue Distribution of LDH-B and a-enolase Activity in 
Chicken and Duck 
Recruitment of taxon-specific crystalline by the lens 
is presumed to be due to a change in gene regulation. 
Such changes could also affect the expression of these 
genes in other tissues. Hence, a number of duck tissues 
were assayed for their LDH-B and a-enolase activity 
and these activities were compared with those in 
chicken, a species that does not use either LDH-B or a-
enolase as crystallins (Table П). Indeed, the LDH-B 
activity in the duck lens is about 170-fold higher than 
that in the chicken lens. The only two other tissues 
that have markedly higher LDH-B levels in duck than 
in chicken are the pancreas and the retina. As shown 
TABLE I 
Specific activities of LDH-B4, or LDH-A4 for comparison, in tissues isolated from duck of different ages 
[pyr] (mmol l"1) 
LDH-type 
Lens 
Heart 
Striated muscle 
Retina 
E9 days* 
0-3 
В 
1-4 
3-6 
0-9 
1 6 
2 0 
A 
1-4 
2-9 
0-9 
1-6 
E14 
0-3 
в 
1-8 
3-2 
0-4 
4 3 
days" 
2-0 
A 
1-3 
1-9 
0-3 
4-5 
E21 days* 
0-3 
В 
8-7 
3-3 
0-5 
8-1 
2 0 
A 
5-0 
2-3 
0-4 
9-5 
1 
0-3 
в 
9 7 
5-9 
4-2 
3-4 
day ! 
2-0 
A 
6-2 
3-5 
4-2 
3-3 
10 dayst 
0-3 
Β 
20-6 
4-3 
2-2 
2-1 
2 0 
A 
11-3 
2-8 
7-3 
1-3 
' Embryonic age. 
Î Post hatching. 
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αΕΝΟ/7-CRY 
αΒ-CRY 
LDH-B/e-CRY 
rRNA 
FIG. 2. RNA levels of αΕΝΟ/τ-crystallin. aB-crystallin or 
LDH-B/e-crystallin in lens fibre or epithelial cells. Total RNA. 
isolated from either duck lens fibre or epithelial cells taken 
from 23-day-old embryos, was separated on agarose for­
maldehyde gels, Northern-blotted and hybridized with a 
duck cDNA probe for either αΕΝΟ/τ-crystallm. aB-crystallin, 
LDH-B/e-crystallin, or with a ribosomal probe (rRNA). Per 
lane. 4 ц% total lens fibre RNA (Fibre) or 12 /¿g total lens 
epithelial RNA (Epith.) was loaded. 
crystallin mRNA is present predominantly in the lens 
epithelial tissue (Kim et al., 1991). No such data have 
as yet been reported for aB-crystallin mRNA in duck. 
Therefore we compared the levels of these mRNAs in 
epithelial and fibre cells isolated from lenses with 
approximately maximal levels of αΕΝΟ/τ-crystallin. 
i.e. at 23 days of development As shown in Fig. 2, the 
level of αΕΝΟ/τ-crystallin mRNA is about twice as 
high in epithelial cells as in fibre cells. This result 
corroborates the distribution pattern of αΕΝΟ/τ-
crystallin mRNA in fibre or epithelial celk of lens of 
14-day duck embryos (Ют et al., 1991), and 
corresponds with the distribution of the protein 
(Rudner et al.. 1990). In contrast, aB-crystallin mRNA 
is preferentially detected in lens-fibre and not in lens-
epithelial cells, as is LDH-B/e-crystallin mRNA (Fig. 2 : 
note that approximately three times more epithelial 
Developmental expression 
Specific activities of LDH and a-t 
LDH-B* 
TissueJ 
Kidney 
Spleen 
Lung 
Gizzard 
Pancreas 
Intestine 
Stomach 
Brain 
Retina 
Liver 
Striated muscle 
Heart 
Lens 
Chicken 
2 96§ 
1 1 8 
0 48 
189 
0 88 
150§ 
144§ 
3 23 
0 83 
8 06Ç 
5 82§ 
13 55§ 
0 1 2 
Duck 
1 14 
105 
0 26 
1 16 
3 15§ 
0 61 
0 4 0 
2 2 5 
2 14§ 
2 69 
2 20 
4 2 7 
20 55§ 
* Measured at 0 3 т м pyruvate 
t Measured at 2 0 т м pyruvate 
φ From 10-day-old duck or chicks 
§ At least two-fold difference m enzyme activity between species 
in Table I, the LDH-B activity in the retina peaks at day 
21 of embryonic development and is then as high as in 
the lens, suggesting that the recruitment by the lens 
may also have affected the expression in the retina In 
some other tissues, ι e kidney, intestine, stomach, 
liver, muscle and especially heart, the LDH-B activity 
is markedly lower in duck than m chicken 
The a-enolase activity in duck or chicken tissues are 
generally comparable In chicken the activities in 
kidney and pancreas are considerably higher, while in 
duck gizzard, heart and of course the lens contain 
more a-enolase activity The a-enolase activity in duck 
lens is much less than expected from the mRNA level, 
in agreement with the finding of Wistow et al. (1988) 
that post-translational modification reduces the enz­
ymatic activity of αΕΝΟ/τ-crystallin m lens. 
4. Discussion 
The present study was an attempt to test the 
hypothesis that the three stress related crystalline, 
αΒ-crystallin, LDH-B/e-crystallin and a-enolase/τ-
crystallin, share common regulatory, possibly stress 
related, elements Clearly, the best way to demonstrate 
common regulatory mechanisms is to show that the 
same sequence elements and the same transacting 
factors are used by these different promoters However, 
the elements that steer expression in the lens are not 
yet known in sufficient detail to allow a sequence 
comparison between these three promoters (for review, 
see Piatigorsky and Zelenka, 1992) The hypothesis 
was therefore tested indirectly by determining whether 
these three genes are coordinately expressed dunng 
lens development To the authors' knowledge, this is 
the first time that expression of these three crystallin 
genes has been assayed within one species The data 
II 
in various duck or chicken tissues 
LDH-At Enolase 
Chicken 
0 8 6 
0 75 
0 24 
0 86 
0 59 
0 8 1 
0 68§ 
1 5 8 
0 28 
6 09§ 
2 96 
5 38 
0 09 
Duck 
0 66 
0 88 
0 1 8 
0 71 
2 18§ 
0 54 
0 27 
159 
134§ 
1 9 9 
7 33§ 
2 80 
1132§ 
Chicken 
1 1 7 § 
0 80 
0 1 5 
0 40 
0 64§ 
0 57 
O i l 
1 4 6 
0 3 5 
2 94 
3 56 
0 3 3 
0 10 
Duck 
0 38 
0 43 
0 09 
0 85§ 
0 00 
0 36 
0 1 8 
1 8 7 
0 57 
1 6 2 
2 4 5 
0 78§ 
0 40§ 
show that the only common element in the pattern of 
expression of these three genes is the onset of enhanced 
expression during embryogenesis, mRNA from all 
three genes starts to accumulate at or after day 12 
Apparently, day 12 marks a shift m the transcriptional 
pattern of the duck lens as other crystallins, ι e αΑ- β-
and á-crystallm, are detectable from 66 hr of de-
velopment (Brahma and Van Der Starre, 1982) A 
seemingly coordinate induction after day 12 is found 
for aB-crystallin and a-enolase/r-crystallin up to day 
24 of development However, the expression patterns 
of these two genes differ in one important way aB-
crystallin mRNA accumulates in the fibre cell and the 
аВ-crystallin gene must thus also be active in the fibre 
cell In contrast, the a-enolase/r-crystallin gene is 
more active in the epithelial cell than in the fibre cell 
It is possible that these two genes share a common 
regulatory pathway in the epithelial cell but differ in 
their regulation in the fibre cell The LDH-B/e-
crystallm gene differs in its expression pattern from the 
other two genes in that mRNA from this gene 
continues to accumulate beyond day 24, the time at 
which the аВ-crystallin mRNA has reached a steady 
state level and the time at which the a-enolase/r-
crystalhn mRNA level appears to decrease The further 
increase in the LDH-B/e-crystallin mRNA level after 
birth is evidenced, amongst other data, by the increase 
in LDH-B enzyme activity 
It has recently been found that duck lens cells 
recognize the duck LDH-B/e-crystallin promoter as a 
lens-specific one (Kraft et al, unpubl ), while it has 
previously been shown that chicken lens cells do not 
(Kraft et al, 1993) Hence, species-specific transacting 
factors are involved in the recruitment of the LDH-B 
gene as e-crystallin. A comparison of the levels of 
LDH-B in vanous duck or chicken tissues suggests that 
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a difference in transacting factors between duck and 
chicken may not be restricted to the lens. Particularly 
noteworthy is the increased activity in the retina, 
which may correlate with the expression of several 
other crystallins {xA- and ^B2-crystallin) in this tissue 
found in other species (e.g. Moscona et al., 1985; 
Lewis et al.. 1988; Head et al., 1991). A reduced level 
of LDH-B activity is found in duck heart, which again 
could be a consequence of the change in regulation 
that accompanied lens recruitment. An alternative 
explanation is, of course, that the difference in LDH-B 
activity between duck and chicken tissue is an 
adaptation to particular aspects of the metabolism of 
that species. It would be of interest to assay LDH-B 
levels in other birds and reptiles to determine whether 
the presence and level of e-crystallin in the lens indeed 
correlates with altered LDH-B levels in the retina and 
heart. If so, this would point to shared regulatory 
mechanisms between these tissues and the lens. 
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ABSTRACT 
Rat lens nuclear extracts contain a factor that binds to 
position - 57 to - 46 of the rat 70-crystallin promoter 
region. This factor protects the sequence 5'-CTGCCAA-
CGCAG-3' in a footprint analysis. Binding to this region 
is crucial for maximal promoter activity in rat lens cells, 
but this sequence was unable to act as an enhancer 
when cloned in front of a heterologous promoter. A 
region directly upstream from this activating sequence, 
between position - 85 to - 67, acts as a strong silencer 
of promoter activity in non-lens cells. This silencing 
effect is mediated by trans-acting factor(s). Our data 
provide evidence for two regulatory elements in rat 7D-
crystallin gene expression, an activating sequence 
active in lens cells and a silencing sequence active only 
in non-lens cells. The factor that binds to the activating 
sequence could be detected only in lens cells and may 
be a determinant of the lens-specific expression of the 
7-crystallin genes. 
INTRODUCTION 
Crystalhn genes code for abundant water-soluble structural 
proteins in the eye lens Together these proteins can make up 
more than 90% of the total lens protein content In rat, crystallms 
are encoded by three distinct groups of genes, the a-crystallin 
gene family and the closely related β- and 7-crystallin gene 
families (1) The lens-specific recognition of the crystalhn genes 
is highly conserved in evolution The rodent 7-crystallin gene 
promoters are recognized as lens-specific promoters even in non-
mammalian organisms such as chicken and Xenopus (2—5), while 
sequence similarity can be detected in the αΑ-crystallin promoter 
regions from species as far distant as mouse and chicken (6) 
The evolutionary conservation of the lens-specific recognition 
of the 7-crystallin promoters suggests a similar conservation of 
regulatory sequence elements and factors that interact with these 
elements However, mapping of the regulatory sequence elements 
in chicken and mouse lens cells showed a species-specific pattern 
of sequence recognition (2) A similar observation was reported 
for the αΑ-crystallin promoter (7) The contradiction between 
the evolutionary conservation ot lens recognition and the apparent 
difference in the sequence elements that are recognized might 
be resolved if the trans-acting factors responsible for lens-specific 
expression are identified More importantly, characterization of 
these factors would also provide insight into the molecular basis 
for lens-specific expression. In the search for such factors so far 
only a trans-acting factor for the mouse aA-crystallin gene has 
been characterized (8). This protein though, was shown to be 
ubiquitous and therefore not likely to be involved in tissue-
specificity Using bandshift assays, an activity was identified in 
chicken lens nuclear extracts that bound to the mouse 7F-
crystallin promoter directly upstream of the TATA box The 
presence of this activity in lens extracts only, suggested that this 
factor might be involved in generating tissue-specificity (9). We 
show here that nuclear extracts of rat lenses contain a factor that 
specifically binds to a stretch of 12 nucleotides directly upstream 
of the TATA box of the 7D gene, from —57 to -45 The tissue 
distribution of this factor is restricted as it could not be detected 
in retina or brain cells. Competition assays confirmed that binding 
of this protein is essential for activity of the rat 7D promoter 
in rat lens cells A region located slightly further upstream, 
around —73, does interact with factors detected only in non-lens 
cells, where this interaction functions to silence the promoter 
Tissue specificity of expression of the 7-crystalhn genes is thus 
obtained by lens-specific activation as well as non-lens specific 
silencing 
MATERIALS AND METHODS 
Construction of rat 7-crystallin CAT constructs 
CAT constructs containing 5' upstream sequences of the rat 7D-
crystallin gene have been described previously (2) The truncated 
silencer sequence in ΡΒΙΧΑΤ27Δ was made by linearizing the 
plasmid pBLCAT27 with Apal followed by treatment with 
mungbean nuclease and religation. The exact size of the deletion 
was determined by sequencing, using the dideoxy method, after 
subcloning to a M13mp vector Synthetic complementary 
oligonucleotides 5'-CCTGCCAACGCAGCAGACCTCCTGC-3 ' 
and 5'-GCAGGAGGTCTGCTGCGTTGGCAGG-3' were 
cloned either in the blunt-ended Sail site in front of the thymidine 
kinase promoter of pBLCAT2 (10), or in the blunt-ended EcoRI 
site in front of the —44 to +45 7D-crystalhn CAT construct. 
* To whom correspondence should be addressed 
83 
Chapter 5 
Primary cultures 
Newborn rat lens epithelial cells were isolated and cultured 
essentially as described for mouse lens epithelial cells (2) using 
an equivalent of two lenses per 35 mm dish (COSTAR). Primary 
cultures of other newborn rat cells were obtained by trypsinization 
of the various organs followed by culturing under the same 
conditions as used for the lens cells. 
Analysis of rat lens epithelial cell RNA 
Total cellular RNA was purified from cultures (11) and subjected 
to Northern analysis. cDNA fragments, labelled as described (12) 
to a specific activity of 10' cpm//ig, were used as probe. 
Hybridizations were performed overnight at 45°C in 50% 
formamide/6xSSC/5xDenhardt's solution/100^g/ml denatured 
herring sperm DNA. Following hybridization filters were washed 
twice at 42°C in 0.2xSSC/0.1%SDS. Filters were exposed to 
X-ray film at -70°C overnight. 
DNA transfection and CAT assay 
Cells were cultured for a maximum of 7 days before transfection 
with calcium phosphate DNA co-precipitates (13). All 
transfections were done in duplo. Cells were harvested 48 hours 
after transfection and assayed for CAT activity as described (14). 
CAT activity was measured by densitometric scanning of the 
autoradiograms. The values were corrected for differences in cell 
density by measuring protein content of cell extracts (Bio-Rad 
protein assay). 
Preparation of nuclear extracts 
Nuclear extracts were made according a protocol modified from 
that of Schreiber et al. (15). Newborn rat lenses (twenty) or an 
equivalent amount of brain or retina tissue were isolated on ice 
and transferred to a tube containing 400 μ\ cold buffer A (10 
mM HEPES pH 7.9/10 mM KCL/1 mM EDTA/1 mM DTT/1 
mM PMSF) and homogenized. The tube was left on ice for 10 
Д KCl 10 50 100 150 200 
(mM) D Competitor 0 5 10 25 
(ng) 
<B 
«F 
B> 
CCGCGGGCCCCTTTTQTQCTQTTCCTGCCAACGCAGCAGACCTCCTGCTATATATATAG 
oligo A oligo В 
Figure 1. Complex formation of the 7D-crystallin promoter region with rat lens nuclear factors). (A) Salt resistance of the complex. Bandshift assay were performed 
as described in Materials and Methods except that KCl concentration was varied as indicated. A labelled -200/+45 7D promoter fragment (0.1 ng) was used as 
probe. Free DNA (F) and the salt resistant high molecular band (B) are indicated. 03) Saturation of the complex. Bandshift assay were performed in the presence 
of increasing amounts of non-labeiled -200/ +45 >D promoter fragment. (O Mapping of the binding region, (top) Labelled rat 7D promoter restriction fragments 
containing the region indicated were incubated with nuclear extract from newborn rat lenses. The fuzzy bands in lane I beneath the indicated complex В were not 
always observed. Note that the signals from the -78 to +45 and -73 to +45 fragments, in which only a Hindlll site has been filled in, are less intense due to 
the presence of only one label per molecule, while other fragments, in which both a Hindlll and an EcoRI sue have been filled in, have three labels per molecule, 
(bottom) Sequence of the corresponding region of the rat 7D-crystallin promoter. The TATA box is indicated. The position of the double stranded oligonucleotides 
A and В (see text) is shown at the bottom. 
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min. after which 5 μ\ of NP40 was added. The nuclei were spun 
down at 1500 g for 3 min. The pellet was washed 3 times using 
400 μί of cold buffer A to remove excess proteins (crystallins). 
Finallv. the pellet was extracted by vigorous shaking for 10 min. 
at 4°C in 100 μί of cold buffer В (10 mM HEPES pH 7.9/500 
mM NaCl/1 mM EDTA/1 mM PMSF). Cell debris was pelleted 
in a microfuge at 4°C and the supernatant was snap frozen in 
10 μ\ aliquots before use. 
Gel retardation assay 
DNA restriction fragments containing either cloned 7D-promoter 
fragments or cloned synthetic complementary oligonucleotides 
were end labelled by filling in sticky ends with Klenow DNA 
polymerase in the presence of a32P-dATP. Approximately 0.1 
ng of double stranded probe (10.000 to 20.000 cpm) was mixed 
with 0.5 to 3.0 μ% of poly dldC, to suppress non-specific binding, 
and 5 —10 /ig of nuclear extract in 20 μί of 20 mM HEPES pH 
7.9/150 mM KC1/1 mM EDTA/1 mM DTT/4% Ficoll. Binding 
was allowed to proceed for 20 min. at room temperature after 
which the sample was loaded directly on a native 6% 
Polyacrylamide gel which was prerun in 0.25 xTBE for 30 min. 
at 1,5 Volt/cm. Gels were run for 2 hours with recirculation of 
the buffer, dried and exposed to X-ray film overnight without 
the use of intensifying screens. 
In situ footprinting following gel retardation 
Footpnnting was carried out as described (16) using whole gels 
without the prior identification of retarded bands. After the DNA 
was nicked by exposure to a phenanthroline-copper ion solution, 
the bands were localized using short exposures (about 30 min.) 
and cut from the gel. DNA fragments were eluted overnight at 
37°C in 500 μί of 500 mM ammonium acetate/1 mM EDTA. 
The eluted DNA fragments were isopropanol precipitated, 
resuspended in 10 μί of loading buffer, boiled for 3 min. and 
size-fractionated on a 9% sequencing gel. Gels were dried and 
exposed to X-ray film for several days using double intensifying 
screens (Dupont). 
RESULTS 
A nuclear factor binds to the sequence - 5 7 to - 4 6 
In the search for trans-acting factors involved in the tissue-specific 
expression of the rat 7-crystallin genes a labelled 7D-promoter 
fragment from —200 to +45 was assayed for its ability to 
specifically bind factors from lens nuclear extracts. As shown 
in Figure la, a number of complexes are formed when binding 
took place at 50 mM KCl. Only the high molecular weight band 
is resistant to higher salt concentration and remains when the KCl 
concentration is raised to 200 mM. This band represents a 
saturable complex as non-labelled -200/+45 fragments 
competed efficiently for binding (Figure lb). The sequence 
specificity of the binding was tested by addition of increasing 
amounts of a non-specific competitor (poly dldC). Even in the 
presence of 1 μ$ of poly dldC a distinct band was observed (data 
not shown). 
To localize more precisely the site of interaction of the factor 
within the promoter sequence, several labelled γ ϋ promoter 
fragments ranging from -200/+45 to -16/+45 were tested in 
the bandshift assay (Figure lc; note that the specific activity of 
the -200/+45 probe is much higher, see figure legend). 
Fragments as short as -73/+45 were still capable of complex 
formation when incubated with rat lens nuclear extracts. Further 
shortening of the fragment to —44/+45 resulted in loss of factor 
binding capacity, indicating that the sequences responsible for 
complex formation are located between - 7 3 and —44. 
The DNA sequence between —73 and —44 can be divided 
into two separate domains. The first domain ranges from —73 
B> 
F*-
Figure 2. Lens-specificity of the nuclear binding factor. Radiolabelled double 
stranded oligonucleotide В was incubated with nuclear extracts either from newborn 
rat lens, retina or brain cells. Free (F) and bound (B) DNA fragments are indicated. 
Note that the same extracts were used in the experiments shown in figure Sc 
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CTGTGGAGGCAG 
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Figure 3. (A) Footprint analysis of the rat 7D-crystallin gene promoter in the 
region - 5 7 to - 4 6 . Radiolabelled double stranded oligo В was incubated with 
newborn rat lens nuclear extract and footprinled using phenanthroline-Cu. as 
described in Materials and Methods. Lane 1 : bound probe. lane 2: unbound probe 
The protected sequence is shown in bold to the left. (B) Conservation of the factor 
binding sequence in the rat 7-cryslallin genes. The 12 nucleotides of the rat 7D 
promoter protected by the lens nuclear factor are aligned with the corresponding 
sequences in the other rat 7-crystallin genes. The position of the factor binding 
site is underlined and the TATA box is shown in bold. The inverted repeat is 
indicated with arrows. A consensus sequence is shown at the bottom. 
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to —63 and is almost absolutely conserved in γ-crystallin 
promoters of rat, mouse and man (3,17 —19); the second domain, 
between —63 and —44, is conserved as well but not to the same 
extent as the first domain. To examine to which of these two 
domains the factor was binding, two double stranded 
oligonucleotides were designed. Each of these oligonucleotides 
spanned a single domain (see Figure 1). Oligo A, which 
contained the first domain, was unable to bind any factor from 
rat lens nuclear extract when used as a probe in bandshift assays 
(not shown). The double stranded oligo B, containing the second 
domain, was indeed bound by a factor present in nuclear extracts 
from rat lenses. 
The tissue specificity of the binding activity was tested by using 
nuclear extracts made from rat retina or brain. No binding to 
oligo В was found, suggesting the factor to be restricted in its 
distribution and possibly lens-specific (Figure 2). 
The experiments described above mapped a binding sequence 
to the proximal region of the promoter, directly upstream of the 
TATA box. To further pinpoint the element recognized, an in 
situ footprinting was performed, using phenanthroline-copper ions 
(OP-Cu) as the cleaving agent. As shown in Figure 3a the factor 
protects the sequence 5'-CTGCCAACGCAG-3' from —57 to 
—46. This sequence is also found in the promoter regions of the 
rat 7E- and 7F-crystallin genes, which are virtually identical to 
that of the rat 7D gene, but is less well conserved in the promoter 
RLE 
control (days in culture) 2 4 7 
28S» -» 
7 • 
• · - • 
I»·*. 
Figure 4. Northern blot analysis of cultured rat lens epithelial (RLE) cells. Total 
RNA was isolated from rat lens epithelial cells cultured for the length of time 
indicated. RNA (approx. 2 μg/lane) was size-fractionated on a formaldehyde 
agarose gel, blotted and hybridized with a probe for either 28S ribosomal RNA 
or a γ-crystallin RNA. As a control for hybridization a lane containing 100 ng 
of newborn rat lens RNA was included. 
regions of the other rat 7-crystallin genes (Figure 3b). An 
alignment of these sequences yields the consensus CTGCNAAC-
(A/G)CAG, which we have named the gamma-box. Interestingly, 
the gamma-box contains a inverted repeat, a characteristic of 
binding sequences of many trans-acting factors (see for example 
20-22). 
Binding to the gamma-box is required for activity of the 7D-
promoter in rat lens epithelial cells 
To determine the functional relevance of the interaction of nuclear 
factors with the gamma-box for promoter activity, ideally a cell 
system is needed in which the activity of the 7D promoter depends 
only on the proximal region. In the primary cultures of mouse 
lens cells, which rapidly differentiate to fibre cells in vitro, 
deletion of the upstream region to —73 already silenced the 7D 
promoter (2). We had noted that newborn rat lens epithelial cells 
do retain their epithelial morphology in culture, suggesting that 
these cells do not differentiate under our in vitro conditions. The 
lack of differentiation of these cells was confirmed by analyzing 
the changes in 7-crystallin mRNA (a fibre cell specific transcript; 
23) levels during culture of these cells. As shown in Figure 4, 
only traces of 7-crystallin mRNA could be detected in these cells 
and the level of 7-crystallin mRNA did not increase during the 
culture period. We argued that lens epithelial cells might have 
a different promoter recognition than lens fibre cells and therefore 
tested whether truncated 7D promoter constructs were still active 
in these cells. A 7D/CAT fusion gene containing only sequences 
up to —73 was as active as a 7D/CAT fusion gene containing 
more than 1 kb of upstream sequences (Figure 5). Deletion of 
the region of —73 to —44, i.e. the region containing the gamma-
box, did cause a decrease in the promoter activity to 10% ofthat 
of the full length clone. Removal of the TATA box and further 
downstream sequences (to —16) resulted in mere background 
activity, as expected. 
To show that interaction of nuclear factors with the gamma-
box is required for promoter activity, a competition experiment 
was performed in which the - 7 3 to +45 7-crystallin/CAT 
construct was co-transfected with either an excess of pUC19 
containing oligo B, i.e. the gamma-box, or pUC19 without an 
insert. As a control these plasmids were also co-transfected with 
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Figure 5. The activity of various rat 7D promoler/CAT fusion constructs in primary cultures of rat lens, retina or brain cells. The region of the γϋ promoter contained 
in the CAT fusion genes is indicated. DNA was transfecled and the CAT activity was determined as described in Materials and Methods. As a Iransfection control. 
pBLCAT2. containing the Herpes simplex virus thymidine kinase promoter, was transfected in parallel cultures. The CAT activity is given relative to that obtained 
from pBLCAT2 which was arbitrarily set at 100% (indicated by *). ND = not determined. 
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pBLCAT2, which contains the HSV-tk promoter driving the CAT 
gene. As shown in Figure 6a, competition with the gamma-box 
lowered the promoter activity of the - 7 3 to +45 γ ϋ CAT 
construct with about 70%. No effect was detected on the activity 
of the HSV-tk promoter. This indicates that interaction of the 
gamma-box with nuclear trans-acting factors is required for 
activity of the γ ϋ promoter and shows that the gamma-box is 
indeed a regulatory element. 
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Figure 6. (A) Binding of the lens nuclear factor is essential for maximal promoter 
activity The -73 to +45 rat 7D-crystallin CAT construct or pBLCAT2 were 
co-transfected in cultured newborn rat lens cells with a fivefold excess of either 
pUC19 containing oligo В (В) or pUCI9 (PL), and assayed for CAT activity. 
CAT activities were calculated relative to the activity obtained in the assays using 
the same CAT construct but pUC19 as the competitor (100*). (B) The effect 
of the -57 to -46 region on promoter activity. A single copy of the double 
stranded oligo В was cloned in two orientations in front of the HSV-tk promoter, 
or the truncated -73 to +45 >D-crystallin gene promoter. Constructs were 
transfected into newborn rat lens cells parallel with the parental plasmids and 
assayed for CAT activity. Activities are given relative to that of the parental 
constructs indicated as 100*. 
The gamma-box does not act as an enhancer 
Many DNA regulatory regions can act as enhancers. To test 
whether the gamma-box can act as a lens-specific enhancer, one 
copy of the double stranded oligo B, containing this sequence, 
was cloned in front of the HSV-tk promoter in the plasmtd 
pBLCAT2. When transfected into rat lens epithelial cells neither 
orientation gave rise to a significant increase in CAT activity as 
compared to the HSV-tk promoter alone (Figure 6b). As the 
gamma-box was unable to enhance a heterologous promoter, we 
tested whether the sequence was an effective enhancer on its own 
promoter. The double stranded oligo В was therefore cloned in 
front of the truncated - 4 4 to +45 7-crystallin/CAT construct 
in an attempt to restore full promoter activity to this construct. 
The insertion of the sequences —57 to —46 in front of the 
truncated promoter did not result in restoration of promoter 
activity. In the 'reconstructed' yD promoter the gamma-box is 
located 25 bp upstream from TATA box, while in the natural 
situation the distance is only 12 bp upstream from the TATA 
box. Hence, these results could be explained by assuming that 
a close and critical distance to the TATA box is required for 
promoter activation by this element. Alternatively, the region 
between - 7 3 and —57 might be required for promoter activity, 
although no interaction with nuclear factors by this region could 
be detected in the gel shift assay. 
Silencing sequences within the region —85 to —67. 
During our search for a rat tissue capable of recognizing a 
'minimal' 7D-crystallin promoter, we noted that none of the 
7D/CAT clones tested were active above background in newborn 
rat retina or brain cells, the two non-lens cell types used, 
confirming the tissue-specificity of the γ ϋ promoter (Figure 5). 
Based on our previous results using chicken cells, we suspected 
that one reason for the tissue-specificity of the promoter might 
be the presence of a non-lens silencer element located between 
- 8 5 and -67 . To test this hypothesis, pBLCAT2 constructs 
containing single or multiple copies of a double stranded 
oligonucleotide spanning this region were transfected in rat lens 
cells and in several non-lens rat tissues. The expression of these 
constructs was considerably lower than that of the parental 
pBLCAT2 plasmid when tested in primary cultures of rat brain, 
retina or liver cells. In contrast, the same constructs transfected 
into rat lens cells did not result in a decrease in CAT activity 
as compared to the activity of the pBLCAT2 construct (Figure 7). 
This strongly suggests that the region between -85 to - 6 7 of 
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Figure 7. The region between -85 and -67 displays a strong silencer effect in non-lens tissues. pBLCAT27 constructs containing one or multiple copies of an 
oligonucleotide spanning the 7D promoter region from -85 to -67 were transfected into primary cultures of newborn rat lens, retina, brain or liver cells. Arrowheads 
indicate the orientation and number of the inserted oligonucleotide. In the construct ρΒΙΧΑΉγΔ nucleotides -79 to -67 of the oligonucleotide are deleted by 
nuclease treatment. ND = not determined. Activities are given relative to that obtained from pBLCAT2 {100*). 
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Figure 8. Complex formation of the silencing sequences (—85 to -67) with rat tissue nuclear extracts. (A) Salt resistance of the complex. Radiolabeled 7D promoter 
silencing region was incubated with newborn rat brain nuclear extract at increasing salt concentration as indicated. Bandshift assay were performed as described 
in Materials and Methods except thai a 4% Polyacrylamide gel was used. Free DNA (F) and complexes (B) are indicated (B) Saturation of the complex. Complex 
formation of the silencer region with newborn rat brain nuclear extract was performed in the presence of increasing amounts of non-labelled - 85/ -67 7D promoter 
fragment. The complex formation was measured by analysis on a 4% Polyacrylamide gel. (C) Tissue-specificity of the complex. A radiolabelled restriction fragments 
containing the 7D promoter silencer region was incubated with nuclear extracts either from newborn rat lens, retina or brain cells. Bandshift assays were performed 
as in A or В except that a 6% Polyacrylamide gel was used. 
the 7D-crystallin promoter contains a silencer, active in non-lens 
cells but not in lens cells. Deletion of part (-79 to -67) of this 
sequence by nuclease treatment completely abolished the silencing 
effect in rat brain and retina cells (Figure 7). Note, however, 
that deletion of the silencing region does not activate the 'minimal' 
7D promoter in non-lens cells (Figure 5), suggesting that a tissue-
specific positive regulatory factor is required for expression as 
well. This suggestion is in agreement with the lack of detectable 
gamma-box binding activity in retina or brain cells. 
To test whether the silencing effect requires an interaction with 
a nuclear factor, a competition experiment was again performed. 
Co-transfection with a five-fold excess of the silencer region in 
pUC with the pBLCATC-y-silencer construct had no effect on 
the activity of the promoter. However, co-transfection with 0.5 
;tg of a double stranded oligonucleotide containing the silencer 
sequence did abolish the silencing effect (data not shown). This 
effect must therefore be mediated by a DNA binding factor. 
Indeed, nuclear extracts of brain or retina cells, but not lens cells, 
contain a factor forming a salt-resistant, saturable complex with 
this region (Figure 8). 
DISCUSSION 
The rodent γ-crystallin promoters have been mapped in lens cells 
isolated from various species: primary cultures of mouse lens 
epithelial cells, primary cultures of rat lens epithelial cells and 
chicken lens cells, either explanted lens epithelial cells or 
transdifferentiating neural retina cells (2-4,9). In each of these 
cell systems the recognition of the promoter region seems to 
differ. Nevertheless, some common elements begin to emerge. 
For expression in all three systems proximal elements are 
absolutely required. There are two such proximal elements, the 
gamma-box identified here, located directly upstream from the 
TATA box, and the GC-box, located around - 7 3 . In primary 
cultures of mouse lens cells, deletion of the GC-box lowered 
expression by 50% (2). Curiously, as shown here, the GC-box 
does not seem to be required in primary cultures of rat lens 
epithelial cells. It seems very unlikely that the difference in 
recognition of the GC-box between rat and mouse lens cells 
represents a species-specific difference. Rather, we suggest that 
it correlates with the differentiation state of the cell. As shown 
previously (2), the mouse cells differentiate rapidly, express the 
endogenous crystallins abundantly and form copious lentoid 
bodies. In contrast, as shown here, the rat cells retain their 
epithelial properties. Apparently in lens epithelial cells, as 
exemplified by the rat cell system, a single element, the gamma-
box, suffices to drive the 7-crystallin promoter, while in fibre 
cells, i.e. in the mouse primary cultures, a second element, the 
GC-box, is required as well. An obvious hypothesis would be 
that the gamma-box serves as a basal lens specific element, while 
the GC-box would augment the rate of transcription in the fibre 
cells. However, at present our data offer no support for this 
hypothesis. The transfected 7D promoter constructs are as 
active—compared to either the tk or the SV40 promoter—in (rat) 
lens epithelial cells as in (mouse) lens fibre cells, hence the 'basal' 
rate of transcription would appear to be as high as the 'augmented' 
rate of transcription. In addition, the GC-box is unable to act 
as an enhancer in mouse lens cells (2). Finally, deletion up to 
—73, which leaves only the minimal promoter and should not 
affect the basal rate of transcription, completely inactivates the 
7D promoter in mouse lens fibre cells. Clearly, the interaction 
of the regulatory factors that recognize the proximal elements 
in lens cells remains to be determined. 
The nuclear extracts used in this study were obtained from 
whole rat lenses, i.e. primarily from fibre cells. As our previous 
results showed that the GC-box is required for maximal 
expression of the yD-promoter in fibre cells, we had expected 
to detect a nuclear factor binding to the GC-box. Although 
sometimes fuzzy bands were seen in bandshift assays, 
representing complex formation with sequences between -200 
and —78 (Figure lc, compare lane 1 and lane 2), no clear 
interactions could be demonstrated. Similarly, in a study of 
binding factors in chicken lenses (9), no factor for the GC-box 
was detected although in chicken lens cells the GC-box is required 
for maximal expression of rodent 7-crystallin promoters. The 
lack of a detectable GC-box factor might be explained if it is 
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unstable or ¡f its concentration is too low to be detected under 
our conditions. We favour the latter alternative, since our recent 
results show that transcription of crystallin genes is restricted to 
intermediate fibre cell differentiation stages (24), which form only 
a minor fraction of the fibre cells found in the total lens. 
Although chicken lenses do not contain the homologs of the 
rodent 7A—yF crystalhns, the gamma-box and the GC-box are 
recognized by chicken lens cells The mode of action of the GC-
box differs from that in mouse cells, as the GC-box can act as 
a lens specific enhancer in chicken cells (2). A nuclear factor 
that binds the gamma-box is found in chicken lens cells as well 
(9) This result highlights the evolutionary conservation of the 
gamma-box factor As this factor may be confined to lens cells 
and appears to be conserved in vertebrates, this factor could be 
the prime determinant of lens-specific expression. 
The GC-box has a dual role, it is required for expression in 
lens fibre cells but it also acts as a silencer element in non-lens 
cells. The functional relevance of this finding for the silencing 
of 7-crystallin genes in vivo is moot, as methylation of the 
chromosomal DNA presumably already prevents activation of 
these genes (25) There is, however, a strong sequence 
resemblance between this γ-crystallin element and a region within 
the /3B1-crystallin promoter (26) Perhaps the silencer functions 
m vivo to control the activity of the /3-crystalhn genes. 
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THE TRANSIENT PRESENCE OF AN ANTI-SILENCER CONTROLS 
THE DIFFERENTIATION STAGE SPECIFICITY OF THE RAT LENS 
AB2-CRYSTALLIN GENE 
Harry J. Kraft, Siebe T. van Genesen, Lambert H.J. Aarts, Ron P.H. Dirks, Henk J.M. 
Aarts, Nicolette H. Lubsen and John G.G. Schoenmakers. 
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ABSTRACT 
In vitro differentiating lens fibre cells were assayed for the differentiating stage-specific 
presence of the transacting factors required for transcription of the rat /?B2-crystallin 
promoter, a gene that is active only during a restricted period of fibre cell differentiation. 
The /?B2 promoter was found to contain sequences essential for activity between -77 
and + 20. The -77/+ 20 promoter is active at all stages of fibre cell differentiation but 
requires preexposure of the cells to bFGF for optimal activity (in contrast, activity of the 
endogenous /?B2 promoter requires the continuous presence of bFGF). The activity of 
the -77/ + 20 promoter is repressed by an element located between -122 and -77. This 
repression is transiently relieved, at the stage at which the endogenous /?B2 promoter 
becomes active, by an element located in the first intron. Band-shift assays show that 
transacting factors recognizing the -77/ +20 and -122/-77 regions are present in lens 
epithelial cells and in all differentiation stages of fibre cells. Our data show that the 
differentiation stage-specific recognition of an anti-silencer element in the first intron 
explains the stage-restricted activity of the /?B2-crystallin gene during lens fibre cell 
differentiation. 
INTRODUCTION 
The vertebrate lens contains two cell types: epithelial cells, which form an anterior 
monolayer, and fibre cells, which form the bulk of the lens. The lens grows by 
differentiation of epithelial cells to fibre cells at the equator of the lens. The newly 
formed fibre cells are thus found at the periphery of the lens, while the older fibre cells 
occupy the core of the lens. The differentiation of the fibre cell is marked by 
morphological changes, such as cell elongation and loss of cell organelles during 
terminal differentiation, and by the synthesis of the crystallins, the abundant water-
soluble structural proteins of the lens. Some of the crystallin genes are used elsewhere 
as housekeeping or stress genes and the expression of these genes is merely 
upregulated in the lens (for reviews, see Wistow and Piatigorsky, 1987; De Jong et al. 
1989; Piatigorsky and Wistow, 1989, 1991 ; Bloemendal and de Jong, 1991 ). Examples 
of such genes are the σ-crystallin genes and the taxon-specific crystallin genes. Other 
crystallin genes, e.g. the β- and κ-crystallin genes, are still thought to be lens-specific, 
although there is some evidence that a ^-crystallin gene may be expressed in the 
chicken retina as well (Head et al., 1991 ). In the rat, β- and κ-crystallin synthesis is only 
found in the fibre cell, the σ-crystallin genes are active in the epithelial cell as well 
(McAvoy, 1978; Van Leen et al., 1987). 
The regulation of crystallin gene activity depends upon the state of development 
as well as on the state of differentiation of the fibre cell. The differentiation and development 
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of the vertebrate lens is thus characterized by a continuously changing pattern of 
crystallin synthesis (McAvoy, 1978; Hejtmancik et al., 1985; Van Leen et al., 1987; 
Aarts et al., 1 989; Goring et al., 1992). The resulting complex protein gradient deter­
mines the gradient in the index of refraction necessary for the optical properties of the 
lens. 
The mode of crystallin gene regulation can be followed in more detail in an in 
vitro system. This system is based upon explanted lens epithelial cells, which 
differentiate synchronously to lens fibre cells in vitro, provided that a high concentration 
of bFGF is present (Chamberlain and McAvoy, 1989; McAvoy and Chamberlain, 1989), 
and has the unique advantage that a homogenous population of fibre cells in 
intermediate stages of differentiation can be examined. In vitro, as in vivo, σ-crystallin 
mRNA accumulation precedes /ff-crystallin mRNA synthesis, which in turn precedes y-
crystallin mRNA synthesis (Peek et al., 1992b). The crystallin mRNAs reach a steady 
state level after two or three days, and, as we have shown that crystallin mRNAs are 
stable, the transcriptional activity of the crystallin genes must cease at that time. The 
activity of the crystallin genes is thus restricted to a narrow differentiation window 
(Peek et al., 1992b). Hence, the lens fibre cells use a novel way to regulate (crystallin) 
mRNA levels during terminal differentiation: a brief burst of crystallin gene activity 
delivers the required amount of stable mRNA (Peek et al., 1992b). 
To understand the molecular basis of crystallin gene regulation, we thus need 
to ask not only how the crystallin promoters are switched on at a specific stage of lens 
fibre differentiation but also how they are switched off at a later stage. Thus far, most 
attention has been paid to the lens-specific recognition of crystallin promoters (for 
recent review, see Piatigorsky and Zelenka, 1992). These studies have as yet not 
yielded a coherent picture. Consensus sequences for a lens-specific enhancer have been 
suggested (Thompson et al., 1987; Matsou and Yasuda, 1992) but it has not been 
shown that the various crystallin promoters which contain (a variant of) these 
sequences indeed share a common transactivating factor. We focus here on the 
mechanism(s) responsible for the restriction of crystallin gene activity to a particular 
differentiation state and we have used the in vitro differentiating system to assay for 
fibre cell stage-specific recognition of the regulatory elements of the rat /?B2-crystallin 
promoter. We show that the transient appearance of an anti-silencer is the determinant 
of the differentiation stage specificity of the £B2 promoter. 
94 
Cgntrol of ßB2-crystallin gene transcription 
MATERIAL AND METHODS 
RNA and DNA sequence determination 
RNA was isolated using standard methods (Ausubel et al., 1987). To determine the 5' 
mRNA sequence and map the transcription initiation site of the /?B2-crystallin gene, an 
oligonucleotide complementary to the last non-coding and the first 18 coding 
nucleotides of the £B2-crystallin mRNA (pr2-2: 5'-CTGGTGGTCTGAGGCCATG-3'; see 
Aarts et al., 1989) was extended on total rat RNA with reverse transcriptase in the 
presence of dideoxynucleotides (Geliebter et al., 1986). On the basis of the RNA 
sequenceresults,anoligonucleotide(pr2-1:5'-GACCAGATNGCCAGCCCCNGCGAG-3') 
was designed, complementary to the last 21 nts of the first exon and the first three 
nucleotides of the second exon, and used to identify the location of the first non-coding 
exon on the restriction map of the cosmid clone pRcos/?-3 (Aarts et al., 1987). To 
obtain the genomic sequence, the appropriate restriction fragments were subcloned to 
M13mp or pBluescript and sequenced by the dideoxy chain termination method using 
either the M13 master primer, pr2-1 or pr2-2. 
Construction of /7B2-crystallin promoter CAT plasmids 
All promoter constructs were based upon the pSuperCAT vector, in which the 
promoter-less CAT gene is preceded by the pUC12 polylinker. The appropriate genomic 
fragments were excised from the genomic clones by restriction digestion as indicated 
in the figures. For the construction of the /?B2-promoter subclones the Ball and EcoRI, 
Ncol, Pstl, or Smal restriction sites were used (see also Fig. 2). The Ball restriction site 
(primer: 5'-GGGCT£GÇ_Ç_ATCTGG-3') was created by site directed mutagenesis 
(Sambrook et al., 1989) in the first non-coding exon of /?B2. The /0B2 promoter clone 
containing the first intron was constructed in two steps. First, the 250 bps Ncol 
fragment, containing the 3' end of the first intron up to the translation initiation site in 
the second exon, was isolated and blunt-ended with mung bean nuclease to remove the 
translation initiation site, after which it was cloned in pSuperCAT. Second, the Ncol 
fragment containing the rest of the first intron, the first exon and approximately 750 
bps of upstream sequences, was cloned in front of the 250 bps Ncol fragment. All 
constructs were confirmed by restriction site mapping and/or sequence determination. 
Cell cultures 
Rat lens epithelial cells were isolated and cultured as described (Peek et al., 1992a). Rat 
neural retina cells were obtained by trypsinization of the neural retina isolated from 
newborn rats, followed by culturing under the same conditions as for rat lens epithelial 
cells. Lens epithelial expiants were made from 1 to 3 days old rat lenses, essentially as 
described (McAvoy and Chamberlain, 1989). Expiants were cultured in M199 medium 
(Gibco laboratories), supplemented with 0.1 % BSA, either with or without 25 ng/ml 
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bFGF (the optimal concentration for this batch, kindly donated by Scios Inc., Mountain 
View, CA, USA). Ltk" cells were cultured in DMEM enriched with 10% FCS. 
Transfections, chloramphenicol acetyl transferase assay and /7-galactosidase assay 
Cultured cells were transfected at approximately 70% confluence. Expiants were 
transfected after preculture in the presence or absence of bFGF, as indicated. Per dish, 
2 //g of DNA was transfected using the calcium phosphate coprecipitation method, 
followed by a 25% DMSO shock. Two days after transfection, or in the case of 
expiants after 3 days, the cells were harvested and assayed for CAT activity, as 
described (Gorman et al., 1982; Peek et al., 1990). The CAT activity was corrected for 
the number of cells as determined by measuring the protein content of the cell lysates 
(BioRad protein assay). The variation in transfection efficiency of expiants was 
corrected for by co-transfection of the CMV promoter driven lacZ gene (Jain and 
Magrath, 1991). Five expiants were pooled for each measurement. Every experiment 
was done at least twice with 2 batches of DNA. 
Explant RNA analysis 
Total cellular RNA was isolated from explants (Ausubel et al., 1987), fractionated on 
formaldehyde/agarose gels (Sambrook et al., 1989), and transferred to Hybond C-extra 
filters (Amersham) according to the manufacturer's protocol. The /?B2 cDNA fragment 
used as probe in hybridization reactions was labelled with [o-32P]dATP by the random 
oligonucleotide priming method (Feinberg and Vogelstein, 1983). Prehybridization, 
hybridization and washes were carried out under the conditions previously described 
(Peek et al., 1992b). 
Nuclear and whole cell extract preparation, and gel retardation assay 
Whole cell extracts of expiant cells were prepared and binding reactions were performed 
as described by Ray et al. (1992), except that HEPES, pH 6.8 was used instead of 
HEPES, pH 7.9. Nuclear extracts from whole rat lenses were made as described 
previously (Peek et al., 1992a). Extracts were preincubated for 10 min on ice in the 
presence of 1//g poly(dl-dC) and 0.4 //g herring sperm DNA to suppress non-specific 
binding. DNA restriction fragments containing /?B2-promoter regions were end-labelled 
by filling in sticky ends with Klenow DNA polymerase in the presence of [o-32P]dATP. 
Approximately 0.05 to 0.5 ng of double stranded probe (10-20,000 cpm) was mixed 
with the samples. For competition experiments, the specific competitor was added 
before the labelled probe to the sample in the molar excess as indicated in the figures. 
Binding was allowed to proceed for 10 minutes at room temperature, after which the 
sample was loaded directly on a native 5% Polyacrylamide gel and run in 0.25 χ TBE 
(1 χ TBE is 0.089 Μ Tris, 0.089 Μ boric acid, and 0.0025 M EDTA), at 1.5 V/cm with 
recirculation of the buffer. Gels were prerun for 60 min. prior to loading. 
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RESULTS 
Preliminary mapping of the rat /?B2-crystallin promoter 
For a survey of the recognotion of regulatory elements during fibre cell differentiation, 
we choose the promoter of a "late" /?-crystallin gene, the )9B2 gene, which is primarily 
expressed postnatally (Aarts et al., 1989). This gene was chosen because it is 
abundantly expressed during day 3 to day 5 of in vitro differentiation and also because 
it is located only 5 kb downstream from the £B3-crystallin gene (Aarts et al., 1987), 
thus limiting the 5' upstream region that needs to be scanned for regulatory elements. 
The (partial) sequence of the first intron, the first exon and the promoter region of the 
rat £B2 gene is shown in Fig. 1. 
"ccggg ctttgqtgta ggcLtagccc tcattcteac cctgctttct gcagggatac agtgttcacc catcttggca ctggcLaccc tggggaaggt -30 
ataaatdcca cctcccaccg gcctggctt.c ACGGCACTCG CGGGGCTCGC GATCTGgtaa gaaggcttct gctgcttgct ctgccctttg cLcttcctcc +70 
attcttgttg gaaagtgcgg aqtggagact tcggcacttg gccccagtct tcccttctgc taattgggga g <- intron ca 1 kb - > с +49C 
ccccdgaLgc acacatgcgc acgcagcctg tcgagatgca gtccacctct attacrtcct gatgtacaga gtgcLaaact agcacaagaa gr.agacì.tca + 59C 
gagacccttt agctgct.ggc gcagaggcta aggcLactcg gccgccgtaa tgagcccaac ctaaagtaga gaattcgcga gctgaaccgt cccagqgaag +690 
cctrctgaca tgac-tccata gcgctggagt ctagcaccag gggagccaat ccacgggaga gatccttctg ctcagagctg ggccggaccc atagcgaagg +79C 
tgaacgcaga gcgcagacgg ctgcccccaq aatcaatrtg aaacccagta aaagaggaga ggctcggaag ccgacccagt tcatccagaa gtcccctggr +890 
cagctcgaag ccaagaccag agagtcc-ct gcagctgaag cLcaaqactc taggtcaagg tccccacgca gtcccccttt cagGTCACCT CGACACCAGA +990 
GAGATCCACC ATGGCCTCAG ACCACCAG +1012 
Figure 1. Nucleotide sequence of the 5 ' and upstream region of the rat ßB2-crysta/lin gene. The 
exonic sequences are capitalized, intronic and flanking sequences are shown in lower case. The 
TATA box is underlined. The ATG initiation codon in the second exon is shown in bold. 
The regions required for activity of the /?B2 promoter were roughly mapped by 
constructing /?B2/chloramphenicol acetyl transferase (CAT) fusion genes and measuring 
the activity of these fusion genes in lens and non-lens cells. The results of these 
experiments are summarized in Fig. 2. The 0B2 promoter was active in all cell systems 
tested (including transdifferentiating chicken neural retina cells; data not shown), with 
the notable exception of primary cultures of trypsinized rat lens epithelial cells. Deletion 
of the upstream region enhanced promoter activity, suggesting that a silencer region is 
located between -122 and -77. The effect of this silencer can be overcome, at least in 
part, by addition of the first intron to the /ÍB2/CAT fusion genes (see Fig. 2). 
To determine whether the lack of expression of the /?B2 promoter constructs in 
primary cultures of rat lens epithelial cells was due to the absence of essential sequence 
information in our constructs, we scanned the 5 kb intergenic region between the /ÏB2 
and the /?B3 gene, as well as the introns and 6 kb of the 3' flanking region of the /?B2 
gene for enhancing elements by cloning overlapping fragments of these regions in front 
of the tk promoter. No enhancing elements were found. To examine the recognition of 
the /?B2 promoter elements during lens fibre cell differentiation we turned to the in vitro 
differentiating lens expiant system. 
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CAT activity 
Ltk RNR RLE 
23 14 0 
25 16 0 
18 13 0 
100* 100* 0 
-| CAT I
 7 1 6 7 о 
+ 1000 
Figure 2. Deletion mapping of the rat ßB2-crystal/in promoter. Deletion mutants of the ßB2-
promoter cloned in front of the CA Τ reporter gene were transiently transfected into either Ltk, 
rat neural retina (RNR) or rat lens epithelial (RLE) cells. A diagrammatic representation of the 
deletion constructs is shown on the left. The filled black boxes denote non-coding exonic 
regions, the CA Τ gene is indicated. The sites used for cloning were: -2000/'+ 20: EcoRI/Ball; 
-750/+20: Ncol/Ball; -122/+20: Smal/Ball; -77/+20: Pstl/Ball; -750/+ WOO: Ncol/Ncol (see 
also Materials and Methods). CAT activity is expressed relative to that of the -77/+20 
construct, which was arbitrarily set at 100% (indicated with an asterisk). 
Transfection of lens expiants. 
Explanted rat lens epithelial cells differentiate synchronously to lens fibre cells in vitro 
in the presence of bFGF (McAvoy and Chamberlain, 1989). This experimental system 
has the unique advantage that lens fibre cells at defined intermediate stages of 
differentiation can be used as transfection hosts. Thus the possibly changing 
recognition of crystallin promoters in lens fibre cells during differentiation can be 
assayed. However, the expiant system has some practical drawbacks. First of all, the 
amount of material available is small and only allows testing of regulatory regions 
identified in other systems, not de novo mapping of such elements. Secondly, promoter 
activities can vary as much as 30% between experiments, in spite of correction for the 
transfection efficiency by co-transfection of a CMV-facZ fusion gene. Finally, in the 
interpretation of the data reported below, it must be remembered that the activity of 
the constructs is measured over a three day period (expiants were harvested three days 
after transfection), in which the differentiation stage of the cells continues to change. 
The numerical values reported below for the activity of various promoter constructs in 
expiants should thus not be taken as absolutes but as indicating a trend. 
-| CAT 
+20 
-| CAT 
+20 
+20 
ГттГсАТ 
+20 
4h 
-2000 " 41-
-750 
-750 
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Recognition of the /7B2 promoter during lens fibre cell differentiation. 
To test whether the recognition of the /?B2 promoter was dependent upon the fibre cell 
differentiation stage, the /7B2/CAT constructs were transfected into the expiants at 
various times after the initiation of the differentiation process. One such experiment is 
shown in Fig. 3. In this particular case, a non-optimal level of bFGF was used, thereby 
delaying accumulation of the endogenous /?B2 mRNA to day 12 (normally, ßB2 mRNA 
starts accumulating at day 3; see Peek et al., 1992b and below). 
Figure 3. Change in activity of the 
ßB2-promoter constructs during 
expiant differentiation. Rat lens 
expiants were transfected with the 
-77/+ 20, the -122/+20 or the 
-750/+20 construct at various 
stages of differentiation. The CAT 
activity obtained is plotted at 2 days 
after transfection (i.e. the activity 
plotted at day в represents the result 
of expiants transfected at day 6 and 
harvested at day 9) and expressed 
relative to the maximum value 
ßB2 
mRNA 
4 6 β 10 
days in culture 
12 14 
obtained for the -77/+20 construct. The values obtained for the -750/ +20 construct were 
close to those measured for the -122/+20 construct and are not shown separately. The 
accumulation of endogenous ßB2 mRNA, plotted as percent of maximum level in expiants 
cultured in parallel is shown. 
The -77/ + 2 0 promoter construct was active throughout early differentiation, and 
showed a t w o fold increase in activity just before the onset of the accumulation of the 
endogenous /?B2 mRNA (transfection day 8-11 and day 9-12). The activity of this 
construct dropped sharply during terminal differentiation (transfection day 11-14). No 
activity was measurable from the -122/ + 20 (or the - 7 5 0 / + 2 0 : data not shown; see 
also Fig. 4) promoter constructs at anyone stage of differentiation, suggesting that the 
silencer region between -122 and -77 identified in non-lens cells (see Fig. 2) is active 
in lens fibre cells as well. To determine whether first intron sequences can overcome 
the effect of the silencer, as in non-lens cells, the activity of the - 7 5 0 / + 1 0 0 0 construct 
was compared with that of the - 7 5 0 / + 20, the -122/ + 20 and the - 7 7 / + 20 constructs 
at various stages of fibre cell differentiation (Fig. 4). As expected, the - 7 5 0 / + 2 0 and 
the -122/ + 20 constructs were virtually inactive. The -77/ + 2 0 construct was again 
active during the whole course of differentiation and again increased in activity at later 
stages, although the increase is less than that found in the experiment shown in Fig. 
3 (see legend to Fig. 4). Finally, and most importantly, activity of the - 7 5 0 / + 1000 
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construct was detected, but only in expiants transfected after 7 days of exposure to 
bFGF, not at earlier or later differentiation stages. Hence, the intronic sequence can 
abolish the silencer effect only at a specific stage of differentiation, a stage that 
coincides wi th the activity of the endogenous /?B2 crystallin gene. 
0-3d -bFGF 4-7d +ÒFGF 7-1 Od +bFGF 10-13d +ÒFGF 
ЧМ0 If -77/+20 
Щшф « -122/+20 
I 
• * ф -7SO/+20 
Щ Ш -750/+1000 
Figure 4. TheßB2 first intron sequence relieves the upstream silencer. Expiants were transfected 
with the constructs indicated, at the time indicated. The amount of extract used for the CA Τ 
assays was normalized for the activity of the co-transfected CM V-\acZ construct and can be 
directly compared at anyone time point. They cannot be compared between time points as the 
transfection efficiency/ß-galactosidase activity is variable. The ß-galactosidase activities were 
relative to day 0-3 (set at 1): day 4-7 = 5; day 7-10 = 8.5; day 10-13 = 4. The notation for 
the constructs is the same as in Fig. 2. 
The requirement for bFGF during /?B2-crystallin gene transcription. 
We noted that in general the -77/ + 20 /?B2 promoter construct tended to be less active 
in expiants not treated with bFGF. Hence, we wondered whether the activity of the /?B2 
promoter is subject to regulation by the signal transduction mechanism of bFGF. This 
possibility was tested for the endogenous promoter by following the accumulation of 
the /?B2 transcript in expiants from which bFGF was withdrawn after various times of 
culture with bFGF. The result of one such experiment is presented in Fig. 5. Expiants 
cultured for two days wi th bFGF had only a low level of /?B2 mRNA, which decreased 
slightly during the subsequent three days culture period without bFGF. Expiants cultured 
for three days in bFGF contained more £B2 mRNA, but again the level did not increase 
during a two days further culture period without bFGF. The level of £B2 mRNA did 
increase further in expiants from which bFGF was withdrawn after four days. However, 
the increase was only about half of that expected, i.e. the increase in the level of /?B2 
mRNA found in expiants cultured for five days in bFGF (note that in this experiment the 
optimal level of bFGF was used, differentiation is thus much faster than in the 
experiment shown in Fig. 3). We conclude from these data that bFGF must be 
continuously present for maximal transcriptional activity of the /?B2-crystallin promoter, 
raising the possibility that serum response-like factors are involved in the transcriptional 
control of this promoter. 
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Figure 5. Endogenous 0B2 gene 
transcription is maxima/ in the 
continuous presence of bFGF. The 
accumulation of the βΒ2 transcripts 
was measured in expiants from which 
bFGF was withdrawn after various 
times of culture with bFGF. Expiants 
were cultured for two days in the 
presence of 100 ng per ml bFGF. Sub­
sequently, the expiants were cultured 
for three more days, either in the 
presence of bFGF (*; 5d bFGF}, or in 
the presence of bFGF for 2 days (°; 4d 
bFGF), or in the presence of bFGF for 1 
day (*; 3d bFGF), or in the absence of 
bFGF( + ; 2d bFGF). The amount of βΒ2 
mRNA is given as a percentage of the 
maximum value obtained, i.e. in cells 
which were allowed to differentiate for 
5 days in the presence of bFGF. 
The bFGF responsive element could be located in either one of the t w o regions 
identified here for full activity of the /?B2 promoter: the - 7 7 / + 2 0 region and the first 
intron. At this time only the dependency of the activity of the - 7 7 / + 2 0 region can be 
tested directly, as we have not yet isolated the putative "anti-silencer" in the first 
intron. The effect of the withdrawal of bFGF on the activity of the -77/ + 20 construct 
was measured by transfecting explants pre-cultured for three days, either without bFGF, 
for one day wi th bFGF, or for t w o days with bFGF. The transfected expiants were then 
cultured for an additional three days without bFGF. In expiants not exposed to bFGF, 
the activity of the - 7 7 / + 2 0 promoter was 2 5 % of the control, i.e. the activity of this 
construct in expiants continuously exposed to bFGF. A one day culture in bFGF, 
followed by five days without bFGF resulted in a promoter activity of 5 0 % of that of 
the control, while a t w o day treatment with bFGF yielded a value of about 8 0 % of the 
control (Fig. 6). The interpretation of these results is not unambiguous. Treatment with 
bFGF could induce the synthesis of a positive transacting factor, the accumulation of 
this factor would then cease when bFGF is wi thdrawn. Alternatively, the signal from 
bFGF could activate a preexisting factor. The activity of this factor would then decrease 
again after removal of the bFGF stimulus. A distinction between these t w o possibilities 
can be made by measuring the presence of a binding factor more directly, i.e. by band-
shift assays. 
101 
Chapter 6 
Figure 6. The dependency of the 
activity of the -77/+20 construct on 
the presence of bFGF. 
Expiants were cultured for 6 days, 
either without bFGF, for one day with 
bFGF and five days without bFGF, for 
two days with bFGF and four days 
without bFGF or for six days with 
bFGF, as indicated. All expiants were 
transfected at day 3 with the -77/+20 
construct and harvested at day 6. CA Τ 
activities are expressed relative to the 
highest activity measured, which was 
set at 100%. 
Nuclear factor binding to the /?B2 upstream region. 
A putative transacting factor required for activity of the βΈ>2 promoter is expected to 
bind to the -77/ + 2 0 region. Use of this region as probe in a band-shift assay, in which 
whole cell extracts of expiants were used as the source of nuclear factors, yields a 
sharp prominent band with just below a vague band (Fig. 7A). The bands comigrate 
with complexes formed using nuclear extracts prepared from whole rat lenses. The 
specificity of the interaction of the -77/ + 2 0 region with factors in the (whole lens) 
extracts was tested by competing either with an unlabelled -77/ + 2 0 fragment (Fig. 7A) 
or with an unlabelled -1221-11 fragment (data not shown). Only the -111 + 20 fragment 
competed for binding, the -122/-77 region did not, showing that the interaction is 
sequence specific. Complex formation with the -77/ + 2 0 region is found at all stages 
of differentiation including epithelial cells, supporting the hypothesis that the signal from 
bFGF affects a preexisting factor. 
The data presented in Figs. 3 and 4 suggest that the silencing factor, which 
would interact with the region -122/-77, is also present at all stages of lens cell 
differentiation. Indeed, in band-shift assays, again using whole cell extracts of expiants 
as a source of nuclear factors, a number of complexes are found (Fig. 7B). Analysis of 
the specificity and the reproducability of these complexes using nuclear extracts of 
whole lens showed that only the upper band is likely to represent a specific complex 
(arrowhead Fig. 7B). This band represents a sequence-specific interaction as 
competition is seen wi th unlabelled -1221-11 fragment but not with unlabelled -77/+ 20 
fragment (Fig. 7B). The bands with a higher mobility are not always found and at least 
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one of these bands results from a non-specific interaction as no decrease in signal was 
found in the presence of a 300 fold excess of unlabelled fragment. 
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Figure 7. 
(A) A nuclear factor binding to the 
βΒ2 upstream activating region is 
present in all stages of differen­
tiation in rat lens expiants. The βΒ2 
promoter region -77/+20 was used 
as a probe in a band-shift assay with 
whole cell extracts of expiants 
harvested after various days of 
exposure to bFGF as indicated. In 
the three right most lanes, binding in 
a nuclear lens extract was competed 
with unlabelled -77/+20 fragment, 
in a 10, 100 or 150 fold molar 
excess (as indicated). 
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(Β) A nuclear factor binding to the 
βΒ2 upstream silencing region is 
present in all stages of differen­
tiation in rat lens expiants. The βΒ2 
promoter region -122/-77 was used 
as a probe in a band-shift assay. 
Lanes are labelled as in (A). 
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DISCUSSION 
The interplay of activators and silencers regulates the activity of the /?B2-crystallin 
promoter. One activator, which recognizes an element located between -77 and + 2 0 , 
is present throughout lens fibre cell differentiation. Its activity is repressed, however, 
by a factor interacting with the silencer located between -122 and -77. The silencer is 
also found throughout differentiation and only counteracted at a specific differentiation 
stage by the transient appearance of a putative transacting factor that interacts with 
the intron element. The limited presence of this putative anti-silencer then explains why 
the /?B2 promoter is only briefly active during fibre cell differentiation (see Fig. 8). 
v о 
-122 -77 
IK-* 
INTRON 
-122 
Figure 8. Model for the interactions between silencer, activator and anti-silencer on the ßB2-
crystallin gene during differentiation of lens cells. (A) Only silencer and activator are present. (B) 
The activity of the anti-silencer in the first intron activates the ßB2-crystallin gene. 
The transacting factor required for activity of the κ-crystallin promoter, also a 
lens fibre cell-specific promoter, has been shown to be lens-specific (Lok et al., 1 985, 
1989; Peek et al., 1990, 1992a; Liu et al., 1991). The lack of activity of the £B2 
constructs in primary cultures of trypsinized rat lens epithelial cells (which show little 
if any differentiation; Peek et al., 1992a) as well as the low activity of the -77/ + 20 
construct in expiants not exposed to bFGF suggest that the transacting factors required 
for the activity of this promoter are lens fibre cell specific as well. However, this is 
unlikely to be the case as the rat /?B2 promoter is quite active in non-lens cells, such as 
fibroblasts or retina cells. If the transacting factors required for recognition of the 
proximal promoter element and for the intron element are not lens-specific, then the 
problem arises of how the lens-specific expression of the /?B2-crystallin gene is 
achieved. Possibly, the state of the chromosomal DNA plays a crucial role in deter­
mining the activity of this gene. For example, methylation of the chromosomal DNA 
could prevent interaction with transactivating factors. We have previously shown that 
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lack of activity of the κ-crystallin genes correlates with methylation of their promoter 
regions (Peek et al., 1991) and we are presently investigating the methylation state of 
the /?B2 promoter region in various tissues. Curiously, the properties of the rat /Ш1-
crystallin promoter differ from those of the /?B2-crystallin promoter in that the /?B1 
promoter is not active in fibroblasts or rat retina cells (unpubl. obs.). Either the rat /?B1 
promoter uses different, lens-specific, transacting factors or our /?B1 promoter 
constructs lack crucial sequence information. A similar difference in the properties of 
yff-crystallin promoters has been reported in chicken: recognition of the chicken £A1 /A3 
promoter was restricted to lens cells (McDermott et al., 1992), while the βΒΊ promoter 
was also active in fibroblasts, although less than in lens cells (Roth et al., 1991 ). Only 
ubiquitous, but no lens-specific, elements were identified in either promoter. 
The signal for differentiation of the rat lens epithelial cell is provided by bFGF 
(Chamberlain and McAvoy, 1989; McAvoy and Chamberlain, 1989). The data presented 
here, together with our previous data (Peek et al., 1992b), show that the signal 
transduction pathway of bFGF directly controls the activity of the /?B2-crystallin gene. 
One possible endpoint for this pathway is the transactivating factor that interacts with 
the -77/+20 region. According to our bandshift assays, this factor is present 
throughout differentiation from epithelial cell onwards, yet the CAT assays show a 
lower activity in epithelial cells. A post-translational modification, such as (de)phospho-
rylation (see Hunter and Karin, 1 992; Li et al., 1992), may increase the activity of this 
factor in response to bFGF. The transcriptional signals of bFGF can also be mediated 
by serum response elements (Treisman, 1986; Grueneberg et al., 1992; Parker et al., 
1992, and references therein). It is thus quite possible that serum response factors 
(SRF) are involved in regulating the response of the /?B2 promoter to bFGF. SRFs are 
known to play an important role in the control of differentiation of a number of tissues, 
for example skeletal muscle (Parker et al., 1992). A variety of SRFs, as well as factors 
that modulate the activity of SRFs, have been identified in various tissues (Grueneberg 
et al., 1992; Sharrocks et al., 1993; Zhou et al., 1993). SRFs interact with serum 
response elements, with the consensus sequence CC(A/T)6GG (Faisst and Meyer, 
1992). A closely related sequence, CCCATCTTGG, is found around -55 in the promoter 
region of the /?B2 gene. However, site directed mutagenesis of this sequence to 
CAGATCTTGG did not influence activity of the promoter in Ltk' cells or lens expiants. 
We are presently trying to map the activating element in the /?B2 promoter region. 
We have previously shown that the crystallin genes are only active during a 
restricted stage of fibre cell differentiation (Peek et al., 1992b). The experiments 
presented here begin to unravel the complex mechanism that underlies the differen­
tiation state specificity of yff-crystallin gene. A second variable in the control of crystallin 
promoter activity is the developmental age of the lens cells. In the future we hope to 
dissect the developmental control elements in vitro by using expiants isolated from older 
animals (Lovicu and McAvoy, 1992; Peek et al., 1992b). 
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SUMMARY 
Crystalline are the abundant, water-soluble structural proteins of the eyelens. The high 
concentration, the short range order and the composition of the crystalline together 
determine the optical properties of the lens. The crystalline can be divided into two 
groups: the ubiquitous crystallins, which are detected in every species examined sofar, 
and the taxon-specific crystallins, which are found in phylogenetically restricted groups. 
All taxon-specific and even some ubiquitous crystallins are closely related or identical 
to household proteins and their presence is not limited to the eye lens. This suggests 
that the crystallin genes are recruited from those household genes, which are 
subsequently overexpressed in the lens. This thesis describes the regulation of tissue-
dependent expression of three crystallins, the taxon-specific e-crystallin and the 
ubiquitous £B2- and KD-crystallins. 
The regulation of expression of the taxon-specific e-crystallin gene in the duck 
was investigated in detail. e-Crystallin is identical to the household protein lactate 
dehydrogenase B4 (LDH-B). In duck, both are encoded by the same single-copy gene. 
This gene lacks a TATA-box, but has the G/C-rich promoter region characteristic of 
"housekeeping" genes (Chapter 2). Transcription is initiated at two sites, 28 nucleotides 
apart. These sites are marked by an Initiator region and a Housekeeping Initiator Protein 
binding site I, respectively. The lens-preferred expression of the gene in lens is caused 
by the enhanced usage of the downstream site. In transfection experiments, the LDH-
B/e-crystallin promoter was only recognized as a lens-specific promoter in duck cells but 
not in chicken cells, suggesting that the lack of e-crystallin in the chicken lens is due 
to a species-specific difference in trans-acting factors (Chapters 2 and 3). The element 
responsible for the enhanced transcription in duck lens cells is located in the region from 
-35 to +18 , and encompasses the two transcription initiation sites (the upstream site 
is located at -28, the downstream, lens-preferred site was denominated + 1 ). A protein 
factor binding to the region -22 to +2 was detected in duck heart extracts, but not in 
duck lens extracts, suggesting that this factor may repress transcription in heart cells 
(Chapter 3). In addition, in chicken lens and heart tissue, a similar factor was detected, 
which could explain the lack of lens-preferred expression of transiently transfected duck 
LDH-B/e-crystallin gene constructs in those cells. Transfected promoter constructs were 
only up to 5 times more active in primary cultures of lens epithelial cells than in heart 
cells, yet in vivo the transcript level in lens was approximately 40 times higher than in 
heart. Because the stability of the transcripts is comparable in these tissues another 
parameter is involved in determining the amount of transcripts. This parameter is 
probably the differentiation stage of the lens cell: the LDH-B/e-crystallin messengers 
accumulate preferentially in the lens-fibre cell, and not in its ancestor, the lens-epithelial 
cell (Chapter 4). The fact that primary cultures are derived from lens-epithelial cells, may 
account for the differences in results, obtained with the in vitro and in vivo 
experiments. 
In contrast to other crystallin genes, no housekeeping homologue has yet been 
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identified for the ubiquitous β- and κ-crystallin genes, of which expression is almost 
exclusively restricted to the lens. Transfected KD-crystallin promoter/chloramphenicol 
acetyl transferase (CAT) constructs were readily active in primary tissue cultures of lens 
cells but not in any of the other cell types tested (Chapter 5). Two elements were found 
to be responsible for the lens-restricted expression. One element is an activator, located 
directly upstream of the TATA-box. A nuclear factor binding to this region could be 
detected in lens cells only. The second element, located around -75, silences the γΏ 
promoter in non-lens cells. Correspondingly, a factor binding to this region was found 
only in non-lens cells. 
Although in vivo the expression of κ-crystallin as well as /?-crystallin expression 
is limited to the lens-fibre cells, the properties of the /?B2-crystallin promoter differ 
markedly from those of the KD-crystallin promoter. In initial experiments, jffB2-
promoter/CAT reporter constructs were only active in non-lens cells but not in primary 
cultures of lens cells, even though the latter were the only cells to sustain activity of 
KD-promoter constructs. During the course of experiments it became apparent that, in 
vivo, the activity of the /?B2-crystallin gene is restricted to a specific stage of fibre cell 
differentiation (Chapter 6). Hence, the activity of various /?B2-crystallin promoter 
constructs was tested in explanted lens-epithelial cells, which differentiate synchro­
nously to fibre cells in the presence of basic fibroblast growth factor. Three elements 
turned out to determine the restriction of the /?B2 promoter to a specific stage of fibre 
cell differentiation: two activator elements and one silencer. The silencer is located 5' 
of the upstream activator element. The other activator element was found in the first 
intron. The upstream activator element is continuously active during differentiation, but 
is silenced by the repressor, which is also continuously present. Differential expression 
is then probably regulated by the first intron activator element, which, at a specific 
stage, suppresses the activity of the repressor. 
Many of the household genes from which the crystallin genes have been 
recruited function also in the stress respons. It is thus conceivable that lens activation 
of the corresponding crystallin genes is regulated by a common, perhaps stress-related, 
factor. If so, coordinated induction of expression can be expected. However, three 
stress-related crystallin genes in the duck lens (σΒ, τ and e) have different expression 
patterns: the transcripts of small heat shock protein/oB-crystallin and σ-enolase/r-
crystallin accumulate with similar kinetics between day 12 and 24 of embryonic 
development but differ in their fibre versus epithelial cell location; the LDH-B/e-crystallin 
mRNAs shares its preferential location in the fibre cell with σΒ-crystallin transcripts but 
differs in its developmental pattern of expression (Chapter 4). 
The three crystallin promoters studied here are all most active in lens fibre cells, 
yet from our studies (and from those of others) there is no evidence that these 
promoters share common, lens-specifictransacting factors. The molecular mechanism(s) 
of lens-specific or lens-preferred crystallin gene expression may be as diverse as the 
evolutionary origin of the crystalline themselves. 
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De optische eigenschappen van de lens, zoals lichtdoorlaatbaarheid en een brekings-
index die van buiten naar binnen toeneemt, worden bepaald door de hoge concentratie 
en dichte stapeling van de lens-structurele wateroplosbare eiwitten, de crystallines. De 
eiwitsamenstelling van een lens kan per species verschillen. Naast de algemeen voor-
komende crystallines, die in elke vertebrate lens gevonden worden, zijn er de taxon-
specifieke crystallines, waarvan het voorkomen beperkt is tot bepaalde, evolutionair 
verwante groepen. Ook buiten de lens kunnen de crystallines tot expressie komen. 
Hierbij valt op dat verscheidene crystallines sterk gerelateerd zijn aan algemene enzymen 
en andere zogenaamde huishoudeiwitten en zelfs als zodanig funktioneren. Dit sugge-
reert dat de crystalline genen gerekruteerd zijn uit de overeenkomstige huishoudgenen, 
en vervolgens tot verhoogde expressie worden gebracht in de lens. In dit proefschrift 
wordt onderzoek beschreven naar signalen die de weefselafhankelijke expressie regu-
leren van drie crystallines, namelijk het taxon-specifieke e-crystalline en de algemeen 
voorkomende /?B2- en pD-crystallines. 
Het taxon-specifieke e-crystalline is identiek aan het huishoudenzym lactaat 
dehydrogenase B4 (LDH-B), en wordt in de eend gekodeerd door een enkel-kopie gen. 
Het gen ontbeert een TATA-box, maar bevat een zeer G/C rijke regio, die karakteristiek 
is voor huishoudgenen (Hoofdstuk 2). Het gen bevat twee transcriptie-initiatieplaatsen, 
28 baseparen van elkaar verwijderd, die gekenmerkt worden door respectievelijk een 
"Initiator-region" en een "Housekeeping Initiator Protein binding site I". Het verhoogd 
gebruik van de benedenstrooms gelegen initiatieplaats is de basis voor overexpressie 
in de lens. In transfectie-experimenten werd de LDH-B/e-crystalline promoter van de 
eend wèl in eendecellen, maar niet in kippecellen herkend als een lens-specifieke 
promoter. Dit suggereert dat het ontbreken van e-crystalline in de kippelens het gevolg 
is van een species-specifiek verschil in "transacting" faktoren (Hoofdstukken 2 en 3). 
De promoterregio van -35 tot +18 is bepalend voor de verhoogde transcriptie in de 
eendelens. Deze regio bevat beide transcriptie-startplaatsen, welke op de positie's -28 
en +1 liggen (de benedenstrooms gelegen transcriptie-startplaats op +1 wordt 
preferentieel in lens gebruikt). Een eiwitfaktor die bindt aan de regio -22 tot + 2 werd 
wèl gedetekteerd in kernextrakten van eendehart maar niet van eendelens (Hoofdstuk 
3). Dit doet vermoeden dat deze faktor als een repressor van transcriptie werkt in 
hartcellen. Een vergelijkbare faktor is waarschijnlijk ook in kippehart en in kippe-
lenscellen aanwezig, en kan daarmee het ontbreken van differentiële expressie van 
getransfecteerde LDH-B/e-crystalline genconstructen verklaren in deze celtypen. De 
aktiviteit van getransfecteerde promoterconstructen blijkt in gekweekte lensepitheel-
cellen maximaal een faktor 5 hoger te zijn dan in gekweekte hartcellen, terwijl in vivo 
circa 40 maal meer LDH-B/e-crystalline transcripten accumuleren in lens dan in hart. 
Daar de stabiliteit van de transcripten in beide weefsels vergelijkbaar groot is, moet de 
accumulatie door nog een andere parameter dan de repressor bepaald worden. Dit zou 
het differentiatiestadium van de lenscel kunnen zijn, omdat de LDH-B/e-crystalline 
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transcripten preferentieel in lensvezelcellen accumuleren en niet in hun voorlopercellen, 
de lensepitheelcellen (Hoofdstuk 4). Aangezien primaire cultures van lensepitheelcellen 
gebruikt zijn in de experimenten kan hiermee het verschil verklaard worden tussen de 
gevonden in vivo en in vitro waarden. 
In tegenstelling tot de andere crystallines zijn er (nog) geen huishoudhomologen 
gevonden van de algemeen voorkomende β- en κ-crystalline genen. Zoals verwacht, 
waren getransfecteerde KD-crystalline promoter/reporterconstructen (chloramphenicol 
acetyl transferase: CAT) aktief in primaire weefselcultures van lenscellen, maar niet in 
enig ander getest celtype (Hoofdstuk 5). Twee elementen reguleren de expressie. Eén 
element is een aktivator, die direkt bovenstrooms van de TATA-box ligt. Alleen in 
kernextrakten van lenscellen werd een faktor aangetoond, die aan dit element bindt. Het 
tweede element, dat rond positie -75 ligt, onderdrukt de expressie van de pD-promoter 
constructen. In overeenstemming hiermee is dat een eiwitfaktor die aan dit element 
bindt alleen in extrakten van niet-lenscellen aangetroffen werd. 
Ofschoon de expressie van zowel de κ-crystalline als ook de ^-crystalline genen 
in vivo beperkt is tot de lensvezelcel, blijken de eigenschappen van de ^B2-promoter 
wezenlijk te verschillen van die van de KD-promoter. Getransfecteerde £B2-promoter/ 
CAT constructen waren alleen aktief in niet-lenscellen, en niet in primaire cultures van 
lenscellen, alhoewel de KD-promoter/CAT constructen wel aktief waren in deze 
lenscellen. Het werd in de loop van de experimenten duidelijk dat in vivo alleen geduren­
de een bepaald differentiatiestadium van de vezelcel het £B2-crystalline gen getrans­
cribeerd wordt (Hoofdstuk 6). Daarom werd de aktiviteit van verschillende /?B2-
promoter/CAT constructen getest in een lensexplantatensysteem, waarin de epitheliale 
cellen synchroon naar vezelcellen differentiëren onder invloed van basische fibroblast 
groeifaktor. De promoter bevat drie cruciale elementen voor aktivering, namelijk twee 
aktivator elementen, waarvan één in de bovenstroomse regio van de promoter ligt en 
één in het eerste intron, en een "silencer" element dat 5' ligt van het bovenstrooms 
aktivator element. De faktor die aan het bovenstrooms aktivator element bindt is 
continu aanwezig en noodzakelijk voor een maximale promoter aktiviteit, zowel in lens-
als in niet-lenscellen. De aktiviteit wordt echter onderdrukt door de eveneens continue 
aanwezigheid van de "silencer". Het aktivator element in het eerste intron bepaalt dan 
waarschijnlijk differentiële expressie, doordat het tijdens een specifiek differentiatie-
stadium van de lenscel de aktiviteit van de "silencer" te niet doet. 
De meeste crystallines zijn gerelateerd aan eiwitten die ook een rol vervullen in 
"stress-response" van cellen. Behalve functionele en structurele eigenschappen van 
"stress-response" ei witten, kan ook een overeenkomstige expressie-regulatie, met name 
de snelle inductie van genexpressie, een voorwaarde zijn om gerekruteerd te worden als 
crystalline. Echter, tijdens de embryonale ontwikkeling van de eend komen de expressie-
patronen van drie "stress-gerelateerde" crystalline genen (σΒ, τ en e) in de eendelens 
niet overeen. De transcripten van het "small heat shock protein'VaB-crystalline en a-
enolase/r-crystalline accumuleren met een vergelijkbare kinetiek tussen dag E12 en dag 
114 
Samenvatting 
E24, maar verschillen in lokalisatie in vezel- dan wel epitheelcel. Evenals de σΒ-
transcripten hopen de LDH-B/e-crystalline boodschapper RNA's zich ook preferentieel 
op in de lensvezelcellen, maar verschillen beide in het expressiepatroon tijdens de 
ontwikkeling (Hoofdstuk 4). 
Ondanks het feit dat de drie bestudeerde crystalline promoters -/?B2, γΌ en e-
voornamelijk aktief zijn in de lensvezelcel, blijkt uit onze studies (en uit die van anderen) 
dat er geen aanwijzingen zijn voor gemeenschappelijke, lens-specifieke "transacting" 
faktoren. Het moleculaire mechanisme(n) dat de lens-specifieke of lens-preferentiële 
expressie bepaalt kan net zo divers zijn als de evolutionaire oorsprong van de 
crystallines zelf. 
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